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ABSTRACT 
 
 Assays using fluorescent molecules have become popular tools across various life 
sciences disciplines because of their ability to localize and quantify relevant biomolecules 
such as DNA and proteins.  Microarrays in particular have enabled researchers and 
clinicians to monitor gene expression and protein concentrations in a high-throughput 
fashion, providing valuable information about cellular and systemic function. Despite the 
proliferation of research on modifying fluorescence with optical resonances, there have 
been few evaluations of the practical impact of enhanced fluorescence on high-
throughput biological assays such as microrarrays.  This work details the application of 
photonic crystal (PC) surfaces as a platform for fluorescence enhancement.  The 
enhancement properties of PCs are explored as a function of resonant wavelength, and 
these properties are applied to design a PC optimized to enhance fluorescence in a 
commercial microarray scanner.  The impact of PC enhanced fluorescence on the 
sensitivity of a protein microarray is evaluated, demonstrating the assay detection limit is 
reduced by an order of magnitude for a cytokine biomarker.  Finally, PCs are applied as 
substrates in a DNA microarray, increasing the signal-to-noise ratio by one order of 
magnitude and increasing the number of genes identified as differentially expressed by a 
factor of >2x relative to glass slides. 
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CHAPTER 1 
INTRODUCTION 
 
 The practice of molecular biology has become increasingly quantitative as novel 
tools have enabled researchers to accurately measure the abundance of biomolecules such 
as DNA, RNA, and proteins in a test sample.  A key component of this analytical toolbox 
has been the fluorescent molecule, or fluorophore, which is used as a “tag” to label 
biological samples through a variety of covalent or noncovalent binding methods.  By 
labeling specific biomolecules, researchers can determine such information as a 
molecule’s spatial distribution in a sample of cells, a specific molecule’s quantity in 
microarray experiments, or whether a DNA hybridization reaction has taken place in the 
case of intercalating fluorescent dyes, among a multitude of other potential applications.  
The ease with which fluorescence can be incorporated into some assays, coupled with the 
increasing availability of optical components for imaging fluorophores, has ensured a 
widespread adoption of these molecules. 
 While fluorophores alone compose a crucial segment of biologists’ analytical 
toolbox, there has been ongoing work during the past 25 years to augment the 
performance of these molecules both in biological and non-biological contexts.  
Chemists, physicists, and engineers have experimented with a variety of metal or 
dielectric thin films and micro- or nano-structures in an effort to improve fluorophore 
performance.  In parallel with ongoing efforts to seek out alternative fluorophores to the 
conventional organic dyes most often used to date, the developments in the field of 
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fluorescence engineering promise to improve upon a crucial technology for quantitation 
in biology. 
 This chapter provides background on the physics of fluorescence and the progress 
to date in the field of enhanced fluorescence.  First the physical properties of fluorescence 
are discussed, with an emphasis on the properties of this phenomenon that are valuable to 
biologists.  This is followed by a brief discussion on the basic mechanisms of 
fluorescence enhancement.  Next the early work on metal enhanced fluorescence is 
discussed, leading to the more recent impact of microtechnology and nanotechnology to 
the field.  Finally a brief summary of enhanced fluorescence techniques with dielectric 
structures is given.  A thorough explanation of the principles of photonic crystal 
enhanced fluorescence appears in Chapter 2. 
 
1.1 Principles of Fluorescence 
 Fluorescence involves a photon absorption-induced transition of an electron to an 
excited state, with a photon emission resulting from the electron’s subsequent relaxation.  
Typically the emitted photon has less energy than the absorbed photon, which is observed 
as the Stokes shift.  This shift manifests as an emission spectrum of a fluorophore 
redshifted from its absorption spectrum.  The energy difference between absorbed and 
emitted photons is accounted for by vibrational relaxation.  These processes are 
illustrated in Figure 1.1, which correlates the absorption and emission spectra for a 
fluorophore with its electronic state transitions.  The peak of the absorption spectrum 
correlates with a transition from the ground state to an excited state, while the emission 
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spectrum peak correlates from the reverse of this transition plus a difference in 
vibrational levels. 
 The transition of a fluorophore to an excited state typically occurs on the order of 
femtoseconds and represents the fastest step in the absorption-emission process.  When in 
an excited state, electrons may move to lower vibrational energies within the same 
electronic state (vibrational relaxation), or may move isoenergetically between lower 
vibrational energies of an electronic state to higher vibrational energies of a lower 
electronic state (internal conversation).  These two processes work to bring the electron to 
the lowest energy level of the excited state and occur on the order of picoseconds.  The 
final transition of interest involves the transition between the excited state down to the 
ground state.  The time scale of this transition depends on the lifetime of the excited state 
and is commonly measured in nanoseconds, marking the slowest component of the 
fluorophore absorption-emission process [1].  A diagram of these potential transitions and 
their time scales appears in Figure 1.2. 
 The absorption of a photon to move an electron into an excited state is facilitated 
by molecular structures that easily distribute excited electrons.  For this reason, molecules 
containing conjugated double bonds, particularly aromatic molecules, often serve as 
effective fluorophores.  The ease with which excited electrons can be distributed 
throughout the fluorophore molecular structure ensures that low energy photons, 
particularly photons in the visible spectrum, are capable of exciting the molecule.  These 
fluorophores can be engineered to absorb lower energy (higher wavelength) photons by 
adding more conjugated double bonds, which has led to a broad spectrum of 
commercially available fluorophores, spanning from the UV to the near-infrared. 
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 Photon absorption by a fluorophore depends on the orientation of the electric field 
vector of the excitation light relative to the spatial orientation of the fluorophore.  Since 
the fluorophore acts as a dipole, it has a preferred orientation for photon absorption and 
emission along a particular molecular axis.  The absorption of light by a fluorophore can 
be characterized by a probability of absorption of cos2θ, where θ represents the angle the 
molecular dipole makes with the electric field vector of the excitation light [2].  Thus 
fluorophores whose dipoles are exactly aligned with the polarization of the incident light 
will have the highest probability of being excited.  This is the principle behind 
fluorescence anisotropy measurements, whereby the relative size of a molecular species 
can be calculated by illuminating a sample with a fixed polarization and measuring the 
polarization of emitted light from a molecule’s fluorescent tags. 
 The absorption process not only depends on fluorophore position relative to the 
electric field of the exciting light, but it also depends on the photon density [3].  
According to the Einstein model of absorption, the transition rate from a lower energy 
state i to a higher energy state f can be characterized by a transition rate Wabs, which is 
proportional to the number of molecules in the lower energy state Ni as well as the 
density of photons ρ: 
      
! 
W abs = Bif Ni"   (1.1) 
where Bif is a constant known as Einstein’s coefficient.  By altering the photon density, 
the rate of absorption can thus be altered.  The Einstein model also describes the 
spontaneous emission rate Wemi in terms of the number of molecules in the higher energy 
state Nf: 
      
! 
W emi = Aif N f   (1.2) 
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where Aif represents Einstein’s coefficient of spontaneous emission. For spontaneous 
emission, only the number of molecules in the higher energy state impact the rate of 
emission.  The Einstein coefficients are related to the transition dipole moment (a 
quantum mechanical description of the transition from states i to f ) of the molecule under 
study but their derivation is outside the scope of this work. 
 When a fluorophore absorbs a photon, it may return to its ground state by either a 
radiative process (emission) or a non-radiative process.  The rate of emission Γ and the 
rate of non-radiative decay knr can be used to quantify the quantum yield of a 
fluorophore: 
      
! 
Q = "
" + knr
   (1.3) 
This represents the efficiency of a fluorophore, or the fraction of fluorophores decaying 
through emission rather than non-radiative processes.  These rates can also be used to 
calculate the average time a fluorophore spends in the excited state, or the fluorescence 
lifetime.  This is calculated as the inverse of the sum of the decay rates: 
 
! 
" =
1
# + knr
  (1.4) 
These metrics of fluorophore performance can be useful for comparison of dyes for a 
specific application, e.g. selecting a dye with a high quantum yield as a tag for a low 
abundance protein in a cell with autofluorescence to maximize signal-to-noise ratio. 
 The basic characteristics of fluorescence described thus far have contributed to 
the widespread use of fluorescence in life sciences research.  For many applications, 
fluorescence has supplanted the role of radioactive tags due to safety concerns and the 
improved spatial resolution of fluorescence measurements.  The process of absorbing and 
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emitting photons, particularly in the visible wavelengths, is unique to a small number of 
molecular structures that are not commonly found in biological samples.  This property 
ensures that exogenous or even genetically encoded tags can be specifically introduced to 
biological samples and high signal-to-noise ratio images of these tags may be obtained.  
While some biological molecules are capable of absorbing visible wavelength light, their 
quantum yields are typically low relative to the fluorophores used to tag biomolecules.  
Furthermore, fluorescence lifetimes and polarization measurements can be used rather 
than imaging methods to resolve molecule-molecule interactions in a specific manner. 
 
1.2 Principles of Enhanced Fluorescence 
 Fluorescence enhancement effects are typically associated with optical resonances.  
The most popular optical resonance employed for fluorescence enhancement is the 
surface plasmon resonance observed in metal structures, but ring resonances and guided-
mode resonances observed in dielectric structures have been used as well.  Optical 
resonances used for enhanced fluorescence are associated with strong evanescent electric 
fields upon illumination at the resonance wavelength.  This effect is similar to total 
internal reflection fluorescence (TIRF) microscopy, in which light propagates throughout 
a glass substrate at an angle greater than the critical angle, leaving an evanescent field 
that penetrates into the superstrate above the glass.  The evanescent field that decays 
exponentially from the substrate-superstrate interface results from the boundary condition 
for an electric field (the parallel component of the electric field must be continuous across 
an interface).  Unlike TIRF, however, for most enhanced fluorescence approaches the 
electric field amplitude associated with the evanescent field is many times higher than 
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incident light illuminating the sample.  This occurs when the excitation light oscillates 
within the structure, which causes a constructive interference effect, amplifying the 
electric field intensity of the incident light. 
 The amplification effect observed with these optical resonances contributes to 
fluorescence enhancement through an increased photon density of excitation light.  An 
amplified electric field intensity implies that the density of photons throughout the 
substrate is elevated relative to the incident light, and as a result of the evanescent field, 
photon density is also elevated in the superstrate.  Recall the rate equations for excitation 
and spontaneous emission of fluorophores (Equations 1.1 and 1.2).  At steady-state, the 
rate of excitation must equal the rate of emission for a fixed population of fluorophores: 
   
! 
Bif Ni" = Aif N f   (1.5) 
This equation can be solved for the ratio of molecules in the excited state to the number 
in the initial state, and since the Einstein coefficients are in fact multiples of another, the 
equation can be expressed only in terms of photon density (ρ), Planck’s constant (h), 
frequency of light (ν), and speed of light (c): 
   
! 
N f
Ni
=
"
8#h$ 3
c 3
  (1.6) 
This equation shows that at steady state, the proportion of excited molecules in a fixed 
population of fluorophores is directly proportional to photon density.  Thus, by 
amplifying the incident light with an optical resonance, the proportion of fluorophores 
that are excited can be increased as well.  Throughout this work, this phenomenon will be 
referred to as enhanced excitation. 
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 Not only can light amplified by the structure be used to excite fluorophores, but the 
photons emitted by the fluorophores also can interact with the structure, producing 
unique effects on the fluorophore’s radiation.  One effect relates to the directional 
excitation of resonances.  In order for a resonance to be excited in these optically active 
structures, some component of the wave vector of the incident light must fulfill a 
resonance condition.  This can be generally be determined by measuring the dispersion of 
the structure – determining the wavelength-dependent spatial distribution of light 
interacting with the structure.  The resonant structure can affect the observed radiation 
from fluorophores by altering the spatial distribution of the fluorescence.  Just as 
externally incident light can couple to resonances, so too can light emitted by 
fluorophores in close proximity to the resonant structure.  In order to fulfill the resonance 
conditions, the fluorescence from such fluorophores must be observed along the 
structure’s dispersion.  This phenomenon is described in this work as enhanced extraction 
because the spatial distribution of the emission is determined through optical engineering, 
e.g. light is extracted from the system in preferential directions by proper design of the 
structure’s dispersion. 
 Optical resonances provide another mechanism for enhancement due to the 
presence of an increased photonic mode density.  Edward Purcell showed the rate of 
spontaneous emission could be altered in response to the emitter’s local environment [4].  
In the case of fluorescence enhancement, the presence of an optical resonator provides a 
pathway for a fluorophore to transfer its photons more efficiently than would be possible 
in free space.  In response to this new pathway, the rate of emission from the fluorophore 
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will increase.  This effect can quantified by the introduction of a new rate Γr which is the 
rate of emission to the resonator, giving a quantum yield of: 
   
! 
Qr =
" + "r
" + "r + knr
  (1.7) 
and fluorescence lifetime: 
   
! 
" r =
1
# + #r + knr
  (1.8) 
in the presence of the resonator [5].  A high rate of emission to the resonator results in an 
increased quantum yield and a decreased fluorescence lifetime.  Increasing the quantum 
yield is advantageous because a larger proportion of fluorophore excitation events will 
lead to emitted photons, increasing the observed fluorescence.  Decreasing the 
fluorescence lifetime is also advantageous, particularly for steady-state illumination.  If a 
population of fluorophores is continuously illuminated and their lifetime decreases, the 
number of emission events per unit time will be increased since the fluorophores spend 
less time in the excited state.  This phenomenon is called fluorescence lifetime 
modification. 
 
1.3 Approaches to Metal Enhanced Fluorescence 
 The concept that absorption and/or emission processes exhibited by a fluorophore 
could be influenced by the molecule’s local environment appears to have been 
demonstrated experimentally for the first time in a paper by Karl-Heinz Drexhage in 
1970.  In this work, Drexhage suggested that a molecule’s fluorescence, as observed in 
the far-field, can be amplified by constructive interference or quenched by destructive 
interference if one places the molecule at different distances from a metal mirror, as this 
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is a dipole-mirror interaction [6].  In the case of a constructive interference, the emission 
intensity will increase because of the interference effect, which implies an increased 
probability of emission.  Since the fluorescence lifetime measures the average time a 
fluorophore spends in an excited state, an increased probability of emission results in a 
decreased fluorescence lifetime.  This lifetime alteration was confirmed experimentally 
by measuring the lifetimes of europium spaced at different distances from both a silver 
mirror and a dielectric interface.  Shortly after the fluorescence lifetime work, Drexhage 
and colleagues established that fluorophores can be excited by an evanescent field from 
total internal reflection illumination of a glass substrate, and by reciprocity, the emission 
by the fluorophore results in evanescent photons traveling through the substrate at an 
angle greater than the critical angle [7].  In itself, this is not an explicit demonstration of 
enhanced fluorescence, but its results could be translated into studies of surface plasmon 
resonance (SPR) interactions with fluorophores. 
 Surface plasmons are electromagnetic waves are found at the surface of a metal-
dielectric interface and propagate parallel to the direction of the interface.  These 
plasmons can be resonantly excited in thin metal films by photons whose wave vector 
component parallel to the interface matches that of the surface wave, which requires a 
prism or grating coupler.  Upon excitation, the electric field associated with the SPR 
decays evanescently into the metal and dielctric media, with a decay length on the order 
of hundreds of nanometers into the dielectric [8, 9].  While SPRs are typically associated 
with label-free biosensing, such resonances can be utilized for fluorescence 
measurements as well.  Weber and Eagen demonstrated the first study of the interaction 
between SPR and fluorescent molecules in 1979 by examining the coupling between 
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rhodamine dye and a silver thin film [10].  Rhodamine was excited by the evanescent 
field associated with a SPR and the dye’s emission was measured through a prism on the 
backside of the thin film.  The spatial distribution of the emission recorded through the 
prism aligned with the expected dispersion of the surface plasmon (Figure 1.3).  This 
experiment demonstrated that a fluorophore’s emission could be spatially modified by 
resonant coupling. 
 After the work characterizing the interaction between fluorescent molecules and 
metal thin films was published, many papers exploring the impact of metal island films 
(MIFs) on fluorescence appeared in the literature.  These metal nanostructures had gained 
a great deal of exposure following the discovery of surface enhanced Raman scattering 
(SERS) from analytes on roughened metal electrodes [11].  One theory of the mechanism 
of SERS was that an electric field enhancement due to SPRs present in the metal caused 
the molecules to receive an increase in excitation power, and this enhancement was 
linked to the electrode roughness [12].  By slow evaporation of metal on silica that is 
limited to thicknesses of less than 10 nm, discrete metal nanoparticles could be formed 
(separate nucleation sites would be spaced too far apart to coalesce).  Thus MIFs were 
fabricated with the roughness needed to elicit a SERS effect.  In 1980, Chen and 
colleagues not only observed SERS on these substrates but they also noticed a strong 
fluorescence enhancement as well [13].  Glass and colleagues observed enhanced 
fluorescence from multiple dyes on various metals, for which the metal thickness, and 
thus the size of the MIFs, was continuously varied [14].  This work showed an explicit 
relationship between MIF thickness and enhancement for a given fluorophore-metal 
combination (Figure 1.4).  Shortly after, Craighead and Glass as well as Garoff et. al. 
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provided an explanation for this effect by observing that the absorption of fluorescent 
dyes coating MIFs was strongly enhanced [15, 16].  These results appeared to suggest 
that enhanced absorption of incident light by the dye was at least partially responsible for 
fluorescence enhancement on MIFs.  A study by Weitz et. al. suggested that fluorescence 
enhancement could also be the result of fluorophore emission coupling to an MIF 
resonance, resulting in a decrease in fluorescence lifetime and increased emission [17]. 
 During the mid-1980s and throughout the 1990s, Dennis Hall’s group examined 
fluorescence enhancement associated with waveguides, and moved on to study the effect 
on a periodic surface.  Their first study in this field examined the impact of placing 
rhodamine on lithium fluoride films of varying thicknesses; in effect, the researchers 
were testing enhancement as a function of different waveguide modes present in the 
structure [18].  This configuration was capable of achieving enhancements of 2 orders of 
magnitude.  The waveguide enhancement work was later extended by incorporating a 
metal grating structure to the device geometry to more effectively outcouple the emitted 
light is a precise orientation [19].  Using this approach, the researchers were able to 
achieve enhancements of more than three orders of magnitude when fluorescence was 
measured at specific angles above the device (Figure 1.5).  They later established a 
theoretical framework to explain these enhancement effects.  The enhancement could be 
described as a combination of three effects: material properties of the waveguide, 
enhanced absorptive rate in the dye if excitation light couples to a waveguide mode, and 
enhanced radiative rate if the emission light couples to a waveguide mode [20].  
Calculations based on this model showed good agreement with previous experimental 
data (Figure 1.6). 
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 During the late 1990s and early 2000s, fluorescence became a popular 
biotechnological tool, which pushed enhanced fluorescence research toward applications.  
The first report of fluorescence enhancement of a specific biomolecular interaction was 
published in 1998, with enhancement of biotin-conjugated fluorescein upon attachment to 
avidin on the surface of MIFs [21].  In 2003, the Lakowicz group published multiple 
studies examining enhancement of dye-labeled DNA on MIF.  They examined the 
optimal distance of cyanine dyes from the MIF for maximum enhancement [22], showed 
dramatic decreases in fluorescence lifetimes for these dyes [23], and also showed that 
fluorescein self-quenching was reduced in the presence of the MIFs [24].  In following 
years, the Lakowicz and Geddes groups have examined in more detail the properties of 
enhanced fluorescence, including fluorescence lifetime modification from MIFs of 
various metals [25, 26] and directional emission properties (enhanced extraction) of dyes 
on these films [27, 28].  They have examined enhancement from a variety of dyes and 
also examined potential applications such as DNA microarrays [29], fluorescence 
immunoassays [30], and cell imaging [31].  Other groups have also examined MIFs or 
closely related structures for biological applications as well, including fabrication of 
nanoroughened metal films for DNA microarrays [32] and fractal-like metal structures 
for fluorescence immunoassays [33].  These techniques show promising enhancements, 
typically of one order of magnitude over large areas.  However, there is an element of 
randomness inherent to the deposition process needed to generate these structures, such 
that enhancement factors may not be consistent over large areas of the substrate.   
More recently, researchers have taken advantage of microfabrication tools to 
more precisely design enhanced fluorescence substrates.  The earliest example of this 
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work was reported by Knoll and colleagues in 1981, as emission was measured from 
cyanine dye on silver gratings created by photolithography with interfering laser beams 
[34]. The spatial profile of fluorescence emission correlated with the dispersion of the 
410 nm period grating.  Hall’s group in the mid-1990s created a waveguide grating 
coupler with a period of 640 nm as an enhanced fluorescence substrate [19].  As 
mentioned previously, this structure exhibited enhancement of more than three orders of 
magnitude, but in a very specific angular emission pattern.  Barnes’s group examined 
fluorescence on similar corrugated metal surfaces and found that lifetimes were 
unchanged unless the periodicity of the corrugations was lower than the emission 
wavelength [35].  In 2003, separate groups at the University of Utah and Cornell 
University reported enhanced fluorescence from nanostructured apertures in metal films 
[36, 37].  Importantly, the enhancement was confined to within the apertures, whose 
small volumes allowed measurements of single-molecule reactions at physiological 
concentrations.  Researchers involved in the work at Cornell have since founded a 
company, Pacific Biosciences, to utilize this phenomenon for DNA sequencing.  In 2006, 
Hung and colleagues used electron beam lithography to demonstrate enhanced 
fluorescence from metal films with a dielectric grating layer on top of the structure to 
couple light into the metal without a prism [38].  Pompa and colleagues also used 
electron beam lithography to fabricate nanopatterned substrates in gold with sharp edges 
for localized surface plasmons [39].  These patterns generated enhancements of 
approximately 30x for fluorescent nanocrystals (Figure 1.7).  Guo et. al. reported gold 
nanowires and nanocolumns fabricated by electron beam lithography to obtain 
enhancements of one order of magnitude [40]. 
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The most recent trend in metal enhanced fluorescence work has been the 
generation of metal nanoparticles not by evaporation, as is the case for MIFs, but by 
chemical methods.  Chen and others reported the use of silver nanoprisms functionalized 
with DNA to examine fluorescence of dyes near the nanoprisms [41].  They reported 
enhancements when the wavelengths of localized SPRs of the particles overlapped 
excitation and emission wavelengths of various dyes (Figure 1.8).  Guo and colleagues 
reported significant enhancement (greater than 300x) of cyanine dyes in the presence of 
silver nanoparticles on silicon substrates [42].  Researchers in the Lakowicz group have 
examined enhancement of fluorescence from multiple dyes after conjugation to silver 
nanoparticles [43].  In early 2009, Bardhan and others reported the use of uniquely 
shaped structures such as gold nanoshells and nanorods to dramatically enhance the 
quantum yield of a near-IR fluorophore [44].  Much of the work with chemically 
synthesized nanoparticles is focused on solution-based fluorescence measurements 
because placement of these particles on a planar substrate is a complicated task. 
Various metal structures have demonstrated enhanced excitation, enhanced 
extraction, and/or fluorescence lifetime modification, but despite the great progress made 
in the field of metal enhanced fluorescence, there are limitations of the approach that 
have not been addressed to date.  First, there is significant quenching of fluorescence 
from molecules placed very close to metal surfaces.  While the distance at which the 
quenching occurs varies depending on the type of metal substrate and the fluorophore, 
studies have consistently shown that fluorophores must be spaced at least 10 nm from the 
metal surface to escape this effect [45].  While in many cases the presence of a biological 
capture molecule will space the fluorophore from the surface, some assays may require 
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significant protocol alteration on metal substrates.  Another issue with metal enhanced 
fluorescence is its applicability to widely used fluorescence applications.  Most of the 
approaches to metal enhanced fluorescence to date have not emphasized a consistency in 
enhancement factors over large areas and between samples.  This distinction is important 
for applying metal enhanced fluorescence to applications that utilize entire microscope 
slides such as microarrays.  It is possible that these substrates are suitable for large area 
applications, but the randomness inherent in generating MIFs and chemically synthesized 
nanoparticles may add noise to the fluorescence measurements.  This is less likely for 
structures utilizing electron beam lithography, but this fabrication process is prohibitively 
expensive for generating patterns over large areas.  Many reports discussing metal 
enhanced fluorescence have focused specifically on the interaction of a structure and a 
fluorophore without rigorously analyzing the practicality of the structure’s use in the 
intended assay. 
 
1.4 Approaches to Enhanced Fluorescence with Dielectric Structures 
 Although fluorescence enhancement using metal structures has been a popular 
strategy, the material properties of metals are not required for enhancement effects.  
Using metals has been the most popular approach because of the widespread use and 
knowledge of SPRs.  The key to achieving enhancement is the existence of a resonance, 
whether exhibited by a metal or a dielectric structure.  There has been much less research 
performed on enhanced fluorescence by dielectric structures, but this class of substrates 
has proven to achieve enhancements as robust as seen with metal structures. 
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 The first report of a dielectric structure for enhanced fluorescence appeared in 
1982, as Owen and colleagues investigated the fluorescence of a dye-coated glass fiber 
[46].  They noted that when the excitation and emission wavelengths of oxazine dye 
overlapped the resonances in the fiber associated with whispering gallery modes, an 
enhancement in fluorescence was observed (Figure 1.9).  More than ten years later, 
researchers observed changes in fluorescence lifetimes for Kiton Red S dye in 
monodispersed suspensions of polystyrene particles, which likely represented the effect 
of photonic bandgaps present in the structure [47].  In 2001, Blair and Chen proposed the 
use of whispering gallery modes in a dielectric optical cavity to achieve fluorescence 
enhancement [48].  However, their analysis was purely theoretical and no papers with 
experimental data appeared afterward.  While reports of enhanced fluorescence from 
dielectric structures demonstrated that these structures were capable of enhancement in a 
similar manner to metals, these platforms were not feasible for practical fluorescence 
applications such as assays. 
One dielectric structure format that is more amenable to enhanced fluorescence 
for biological assays is the photonic crystal (PC).  PCs are periodic arrangements of 
materials with differing refractive indices to manipulate the propagation of photons.  The 
simplest PC structures (sometimes referred to as Bragg mirrors), in which the refractive 
index is altered by depositing alternating layers of high-index and low-index materials, 
were first reported as enhanced fluorescence substrates in 1999 for two-photon 
fluorescence [49].  In 2005, these structures demonstrated the ability to enhance Cyanine-
3 (Cy3) and Cyanine-5 (Cy5) dyes by one order of magnitude [50].  More recently this 
scheme has been utilized with total internal reflection fluorescence illumination to 
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enhance the excitation light and demonstrate enhancements of up to 20x [51].  While this 
geometry may be useful for total internal reflection microscopy, the total enhancement 
achievable is limited because only two physical parameters of the structure can be 
manipulated - the materials deposited and the thicknesses of the layers. 
A structure that can overcome these limitations is the PC slab, or the PC surface.  
These PCs exhibit a periodic modulation of refractive indices not beneath the plane on 
which molecules are placed but rather along this plane.  In 2003, Budach and colleagues 
reported the use of a PC surface exhibiting guided-mode resonances to enhance 
fluorescence of Cy5 by a factor of up to 170 times as measured in a custom fluorescence 
collection setup (Figure 1.10) [52, 53].  These structures were applied first to DNA 
microarrays, but other groups have investigated a variety of applications.  PC surfaces 
have provided enhancement for two-photon fluorescence excitation, in which the 
excitation light is enhanced by the structure.  Most recently, PC surfaces have been 
designed to enhance fluorescence from Enhanced Green Fluorescent Protein [54], as well 
as rhodamine in the context of a fluorescence immunoassay [55].  These PC surfaces 
have shown great promise as an enhanced fluorescence substrate but have been limited in 
widespread adoption by the prohibitive cost associated with photolithographic fabrication 
of these subwavelength structures. 
 
1.5 Research Outline 
The focus of this thesis is to expand on the work published by Budach and 
colleagues to make PC surfaces more amenable to widespread use by researchers for 
microarray applications.  To achieve this goal, fabrication of PCs by nanoreplica molding 
 19 
is performed to provide inexpensive substrates.  The fundamental properties of PC 
enhanced fluorescence (PCEF) are characterized, with an elaboration of the potential 
modes of enhancement.  While characterization of the spectral properties of PCEF is 
emphasized in this thesis, other important experiments by research colleagues are 
summarized as well.  These PCs are then optimized in an application-specific manner 
based on the principles learned through characterization.  Finally, the impact of these PCs 
on important assay metrics for microarray experiments is examined to provide an 
explanation why PCs are a promising alternative to glass slides for these experiments. 
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1.6 Figures 
 
Figure 1.1. The spectral characteristics related to absorption and emission of energy by a 
molecule can be related to the size of the energy steps needed to bring a molecule from 
one energy level to another.  The absorption and emission spectra of the common 
fluorophore fluorescein isothiocyanate are shown below a Jablonski diagram.  Each 
vertical gray line aligns the spectra with the energy of the absorbed (arrows pointing up) 
or emitted (arrows pointing down) photons.  The arrows are colored to represent the 
wavelength of the photons.  For example, the purple arrow to the left represents the 
energy of an ultraviolet photon that can cause the molecule to transition from the ground 
state to the second singlet excited state.  The orange arrow on the right represents the 
lowest energy photon that can be emitted by this molecule as it drops back from the 
lowest energy state of S1 to a high vibrational state of S0 [1]. 
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Figure 1.2. The amount of time required for various steps in fluorescence excitation and 
emission, as well as phosphorescence [1]. 
 
 
Figure 1.3. Photographic plates showing a section of the surface plasmon coupled 
fluorescence of rhodamine on a 75 nm thick silver film on the right and the reflected 
pump beam, which is highly attenuated, giving the small spot on the left.  The emission at 
specific wavelengths follows the dispersion of the film [10]. 
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Figure 1.4. Luminescence intensity of various dyes on metal island films of continuously 
varying thickness, with the intensity of the dyes on a glass slide denoted on the left side 
of the graph.  For a combination of dye and metal, the luminescence enhancement is 
dependent on the thickness of the metal island film [14]. 
 
Figure 1.5. Measured effective enhancement factor referenced to a glass slide for 
rhodamine dye on a 300 nm lithium fluoride film atop a silver grating of 640 nm period 
and 100 nm grating depth for (a) TE-polarized detection, (b) TM-polarized detection, and 
(c) unpolarized detection [19]. 
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Figure 1.6. Calculated and experimental enhancement as a function of lithium fluoride 
thickness for rhodamine on lithium fluoride above a 200 nm layer of silver [20]. 
 
 
Figure 1.7. (a) Photoluminescence map of a nanocrystal/Poly(methyl methacrylate) 
blend film deposited on a triangular gold nanopattern (triangle lateral dimensions: 200 
nm), collected by a confocal micrscope.  The bright region corresponds to the area in 
which the luminescence of the nanocrystals is strongly enhanced, due to coupling with 
the underlying gold nanoarray. (b) Fluorescence spectra of the nanocrystals dispersed in 
the polymer matrix collected both on SiO2 and on the metallic nanopattern; as shown, a 
~30-fold fluorescence increase was observed.  The inset shows normalized fluorescence 
spectra of the nanocrystals with and without surface plasmon coupling; it is evident that 
the two spectra are identical and maintain the original spectral features of the reference 
samples in solution [39]. 
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Figure 1.8. Fluorescence intensity observed from Rhodamine Red dye attached to 
nanoprisms as a function of localized surface plasmon resonance wavelength, with 
excitation spectra (dotted lines) and emission spectra (dashed lines) plotted for reference.  
The fluorescence intensity is highest when the resonance wavelength overlaps both 
excitation and emission spectra [41]. 
 
 
Figure 1.9. (a) Fluorescence excitation, (b) experimental elastic scattering, and (c) 
calculated elastic scattering spectra from a 9.833-µm-diameter glass fiber coated with 
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approximately 5 to 10 nm of oxazine dye.  The mode number n and order number l of 
individual modes are denoted n,l [46]. 
 
 
 
Figure 1.10. The amplification potential of an evanescent resonance device (PC slab) in 
TE and TM geometry.  The fluorescence signal of the chip is measured as a function of 
the incident light and normalized at 10° (equivalent to conventional epifluorescence). 
Light is parallel and linearly polarized, for TE geometry perpendicular to the plane of 
incidence and for TM geometry parallel perpendicular to the plane of incidence.  In the 
center of the abnormal reflection curve the fluorescence signal is amplified 39-fold in TE 
and 170-fold in TM geometry.  The full-width at half-maximum for each is 0.7° and 0.1°, 
respectively [52]. 
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CHAPTER 2 
INVESTIGATING SPECTRAL PROPERTIES OF 
PHOTONIC CRYSTAL ENHANCED FLUORESCENCE* 
 
 The use of PC surfaces for enhanced fluorescence is appealing for life sciences 
applications because these substrates can be designed rapidly using computer simulation 
tools and fabricating them by nanoreplica molding is inexpensive.  Since this enhanced 
fluorescence approach has been developed and applied only recently, there have been few 
investigations characterizing PCEF relative to metal enhanced fluorescence.  Establishing 
the mechanisms of fluorescence enhancement by PC surfaces is important for design of 
structures to maximize their enhancement.  Understanding these mechanisms in the 
context of the commercial instrumentation used to quantify fluorescence is helpful since 
enhancement is dependent not only on the substrate but also the fluorescence collection 
instrumentation. 
 One approach to better understanding PCEF is to determine the relationship 
between the wavelength of a PC’s optical resonance and the enhancement of a dye on the 
PC’s surface.  The experimental investigation of this relationship is the subject of this 
chapter.  First, the resonances associated with PC surfaces are discussed in detail to 
introduce the device physics.  Next, an experiment utilizing a PC on which the resonance 
wavelength varies as a function of lateral position is described.  This PC allows one to 
                                                
* Reproduced in part with permission from "Graded wavelength one-dimensional 
photonic crystal reveals spectral characteristics of enhanced fluoresence," Journal of 
Applied Physics, vol. 103, p. 094320, 2008.  Copyright 2008, American Institute of 
Physics. 
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create a spatial map of fluorescence enhancement as a function of resonance wavelength.  
To conclude the chapter, the distance dependence of excitation enhancement and the 
spatial profiles of enhanced extraction on different PC geometries are summarized for a 
complete picture of PC properties relevant for fluorescence enhancement. 
 
2.1 Resonances in Photonic Crystal Surfaces 
 The optical resonances observed in photonic crystal surfaces are known as guided-
mode resonances [56].  These resonances are observed in grating structures in which the 
periodicity of the refractive index modulation is smaller than the wavelength of light 
illuminating these structures.  When these subwavelength gratings are illuminated, only 
the 0th reflected and transmitted diffraction orders can propagate, but higher diffraction 
orders may couple to leaky modes in the PC if they fulfill a phase-matching condition: 
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where λ is the wavelength of incident light, θ is the incidence angle of the light, m is the 
diffraction order, Λ is the period of the structure, and β is the real part of the propagation 
constant of the guided mode (the superstrate, or propagation medium for incident light, is 
assumed to be air).  These modes are referred to as leaky modes because they can leak 
out of the structure by diffraction.  In the case of a guided-mode resonance, the modes are 
diffracted both in the reflected and transmitted directions.  The re-radiated wave in the 
transmitted direction is out of phase with the 0th transmitted order by 180°, leading to 
destructive interference.  The re-radiated wave in the reflected direction is in phase with 
the 0th reflected order, leading to constructive interference.  The guided-mode resonance 
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can thus be observed in the far-field as a highly efficient reflection (or near-zero 
transmission) for the wavelengths and angles that satisfy the phase-matching condition. 
 These resonances are important to enhanced excitation of fluorophores because the 
electric field intensities present throughout the structure can be higher than that of the 
incident wave.  This amplification effect arises because an incident wave fulfilling the 
necessary phase matching condition is diffracted into and guided within the effective high 
index layer comprised of the grating dielectric material (provided its refractive index is 
higher than superstrate and substrate below).  The guided mode has a finite lifetime 
before re-radiation into the superstrate.  At steady state, the guided mode propagating 
through the structure will undergo constructive interference with the continuous 
illumination of the incident wave.  As a result, a periodically defined pattern of high 
electric field intensities will be present in the device. 
 
2.2 Graded Wavelength Photonic Crystal for Spectral Characterization 
of Enhanced Fluorescence 
In this section, a one-dimensional PC in which the resonant wavelength of the 
device varies with position at a fixed illumination angle is demonstrated, allowing a 
single microscope-slide sized device to exhibit resonances at a range of wavelengths, 
including a fluorophore’s excitation wavelength.  This is accomplished by depositing a 
high refractive index TiO2 layer that varies in thickness over the length of the PC.  By 
coating the device with a monolayer of Cy5-conjugated protein and scanning it at normal 
incidence with a microarray scanner, a spatial map of enhanced fluorescence can be 
generated to determine the resonance wavelength that corresponds to the greatest 
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enhancement.  The graded resonant wavelength device allows one to study this 
relationship at a high wavelength resolution that could not otherwise be achieved unless a 
very large number of devices were fabricated with very small variations in the PC 
dimensions. 
 
2.2.1 Simulation and Experimental Protocol 
 The one-dimensional photonic crystal structure was fabricated with a nano-replica 
molding process previously used to generate plastic photonic crystal biosensors [57] and 
near-UV reflectance filters [58].  An 8” silicon master containing a pattern for a one-
dimensional grating structure was fabricated using deep-UV lithography.  A few drops of 
liquid polymer (nP = 1.46) were dispensed between the master and a sheet of 
polyethylene terephthalate (PET), distributed evenly to a thin film with a roller, and 
cured.  The hardened polymer structure was then peeled off from the master.  In addition 
to the PC structure, the replica also included an unpatterned flat surface to serve as a 
reference for enhanced fluorescence measurements. The patterned polymer absorbs a 
range of wavelengths of visible light and exhibits fluorescence throughout a wide range 
of visible wavelengths.  Since the highest intensity electric fields at resonance occur 
within the high refractive index dielectric layer, it is advantageous to separate the high 
fields from the polymer via a SiO2 spacer layer (which has the same refractive index as 
the polymer).  A 145 nm layer of SiO2 (measured by spectroscopic ellipsometry) with 
nSiO2 = 1.46 was deposited onto the structure by electron beam deposition (Denton 
Vacuum) to prevent excitation of fluorescence from the patterned polymer.  This ensures 
that the fluorescent signal measured during illumination with the laser can be attributed 
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primarily to the fluorescent dye and not to the polymer beneath the structure.  After 
deposition of the spacer, a graded layer of TiO2 (nTiO2 = 2.30) was deposited onto the 
structure by positioning the device in the sputter chamber (Cooke) such that various 
positions of the device were at different distances from the sputter source. The thickness 
of the TiO2 film ranged from 70 nm to 220 nm over a distance of 60 mm.  The PET 
substrate on which the graded wavelength photonic crystal was fabricated was then 
mounted on a glass microscope slide using an optical adhesive. 
The behavior of the device was simulated using commercial software that 
employs Rigorous Coupled-Wave Analysis (RCWA, R-Soft DiffractMOD) [59].  To 
determine the dimensions of the structure, atomic force microscopy was carried on the 
structure surface after deposition of TiO2 (Fig 2.1a).  A model of the structure was then 
generated with these dimensions (Fig 2.1b), and the simulated response of the structure 
was computed upon illumination with normally incident TE-polarized light (polarization 
parallel to grating lines).  Illuminating with broadband incident light, the transmission 
efficiency as a function of wavelength was simulated for the range of TiO2 thicknesses 
observed on the actual PC device.  A representative plot of transmission efficiency as a 
function of wavelength for one thickness of TiO2 is shown in Figure 2.1c.  To assist in 
quantifying the effect that enhanced electric near-fields would have on enhanced 
fluorescence, the electric field profile of the structure during normally incident 
illumination with 633 nm TE light (the wavelength and polarization of the fluorescence 
scanner light source) was simulated for the range of TiO2 thicknesses observed 
experimentally, and the results were complied for later analysis.  A representative plot of 
the electric near-fields when the resonant condition is fulfilled appears in Figure 2.1d.  
 31 
The electric field intensity in the high-index TiO2 layer is high relative to the incident 
light, with a maximum intensity of 80 times that of the incident light intensity.  This 
region of enhanced near-fields extends above the surface of the structure, which would 
allow it to interact with immobilized fluorophores.  The high field region is also pulled 
away from the patterned polymer by the SiO2 layer, minimizing the background 
fluorescence observed from the structure. 
The resonant wavelength was then measured as a function of position on the 
device, along the direction of the TiO2 gradient.  Broadband white light was expanded 
and collimated from a fiber and passed through a polarizer to isolate the TE polarization 
before illuminating the device.  The light transmitted through the device was fed to a UV-
visible light spectrometer and the transmission spectra were collected.  Spectra were 
collected for 13 locations throughout the device, with each location separated by a 
distance of 5 mm.  Several sample spectra are overlaid in Fig 2.2a.  These spectra all 
exhibit a clear dip in the transmission efficiency at a position-dependent wavelength.  
Using the ellipometry data detailing the TiO2 thickness at each position on the device, the 
resonant wavelengths are plotted as a function of TiO2 thickness in Fig 2.2b.  The 
simulated dependence of resonant wavelength on TiO2 thickness also appears in this 
figure.  The two curves follow the same trend, although the experimental resonant 
wavelengths are increasingly lower than those predicted by simulation as the TiO2 
thickness increases.  This may be explained by the fact the simulation does not take into 
account the increased rounding of the structure as the TiO2 thickness increases, nor does 
it take into account the dispersion in the refractive index of TiO2. 
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The capability of the device to exhibit enhanced fluorescence was tested by 
applying a uniform monolayer of fluorescently labeled protein onto the entire PC surface.  
The device surface was functionalized using a five minute incubation with 3-
aminopropyltriethoxy-silane (Pierce) in dry acetone, followed by a two hour incubation 
with 25% glutaraldehyde (Sigma Aldrich).  The deposition of protein was completed with 
a 15-hour incubation with a 100 µg/ml solution of Cy5-conjugated streptavidin (GE 
Healthcare, excitation peak at 649 nm, emission peak at 670 nm) followed by a wash 
with 0.05% Tween (Sigma Aldrich) and a 5 minute ultrasonication in deionized water.  
The dye-coated device was then imaged at 20 µm resolution with a microarray scanner 
(Tecan LS Reloaded) at normal incidence and an excitation wavelength of 633 nm (Fig 
2.3a).  The incident light has a fixed polarization, which in this case is the TE 
polarization specified in simulation.  A line profile from the fluorescence image along the 
TiO2 gradient was taken both on and off of the photonic crystal surface (Fig 2.3b and 
2.4a), to be compared with the simulated data for the distribution and amplitudes of the 
electric near-fields.  The spatial position for the image and the line profiles was translated 
into TiO2 thickness using a linear equation derived from the ellipsometry data. 
To convert the simulation data into a format compatible with the experimental 
fluorescence line profiles, the electric field intensities observed when the device is 
illuminated were derived from the normalized simulated electric field profiles.  The 
electric field intensities from the top surface of the PC were spatially averaged for a 
single period for each thickness of TiO2 simulated.  The averaged electric field intensity 
values were then plotted as a function of TiO2 thickness (Fig 2.3c and 2.3d).  The 
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procedure was repeated for the thin-film condition in which no PC structure was present 
(Fig 2.4b). 
 
 
2.2.2 Results and Discussion 
The fluorescence line profile on the photonic crystal shows a dramatic increase in 
the fluorescence signal on the region of the chip where the TiO2 thicknesses are between 
90 and 120 nm (Fig 2.3b).  Specifically, the first peak, with a higher intensity and a 
smaller peak width, appears at a TiO2 thickness of approximately 100 nm.  The maximum 
fluorescence intensity at this location is approximately 24400 counts (cts).  A second 
peak appears at a TiO2 thickness of 110 nm, with a maximum intensity of approximately 
11000 cts.  This range of locations corresponds to the region in which the PC resonant 
wavelength overlaps the excitation wavelength of the laser (633 nm), but the appearance 
of two peaks is not predicted by the simulated electric field intensity for normally 
incident 633 nm TE-polarized light (Fig 2.4c).  Displaying two peaks, however, is typical 
behavior for PCs supporting guided mode resonances when the angle of incidence 
deviates from normal; this occurs because two wavelengths rather than one fulfill the 
resonant condition[60]. By varying the angle of incidence of the excitation light in 
simulation, two peaks can be observed in the plot of average electric field intensity as a 
function of TiO2 thickness.  Figure 2.4d shows the field intensity plot when the incidence 
angle is altered by only 0.25° from normal incidence, which could occur if the height on 
the two edges of the slide differed by only 130 µm.  The process of mounting the PC by 
hand using optical adhesives can introduce such errors.  Two peaks are observed with a 
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higher intensity peak preceding a lower intensity peak, which reflects the trend observed 
in the experimental data.  The two peaks in the simulation data differ in TiO2 thickness 
by 8.5 nm, and the two peaks observed experimentally show a difference in TiO2 
thickness of approximately 10 nm. 
The fluorescent line profile for the region off the photonic crystal exhibits a 
sinusoidal variation in intensity as the TiO2 thickness is varied (Fig 2.4a).  This behavior 
is predicted by simulation (Fig 2.4b), and occurs due to thin film interference effects.  
While the raw data from this surface may serve as a reference if a fixed position on the 
device is adopted, such a reference value would not reflect a fluorescence measurement 
carried out on an optically passive surface such as glass.  Thus a true value for 
fluorescence intensity (assuming a passive surface is used) must be derived.  This can be 
accomplished by correlating the maximum and minimum intensity values of the 
simulated electric field (Fig 2.4b) with the maximum and minimum values for the 
fluorescence line profile (Fig 2.4a).  This analysis would suggest the fluorescence 
intensity would be approximately 1350 cts in the absence of the dielectric thin film (if the 
electric field intensity was 1), which can be adopted as a reference value from which to 
determine the enhancement factor.  While the assay could be carried out on a glass slide 
to serve as a reference, it is important to note that the silanization procedure would yield 
different results on a glass surface rather than a TiO2 surface, confounding the 
comparison. 
To gain a clearer understanding of why two peaks of fluorescent intensity occur 
rather than one, the device transmission due to white light illumination was simulated at 
an incidence angle of 0.25° (Fig 2.5).  The transmission spectra for the device at two 
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different TiO2 thicknesses (87 and 92 nm) are plotted; for each of the thicknesses, two 
distinct peaks are clearly observed in the response.  At a thickness of 87 nm, a peak with 
a full-width at half-maximum (FWHM) of 0.3 nm is centered at 633 nm, and at a 
thickness of 92 nm, a peak with a FWHM of 11 nm is centered at the same wavelength.  
The lower TiO2 thickness (87 nm), at which the peak with smaller linewidth (FWHM = 
0.3 nm) crosses the 633 nm excitation wavelength, is correlated with the simulated 
maximum enhancement of 34 times observed in the Fig 2.3d.  Analogously, the TiO2 
thickness of 92 nm (FWHM = 11 nm) correlates with the simulated lower intensity peak 
showing an enhancement of 17 times.  Taking into account the adjusted reference value 
for predicted fluorescent intensity on a passive surface, the maximum enhancement in the 
experimental data (Fig 2.3b) is 18 times and enhancement from the lower intensity peak 
is 8 times.  These values are approximately half of the simulated values, which may be 
the result of choosing a fixed position above the surface at which to average the field 
during simulation.  In reality, the fluorophores are present at various heights above the 
surface.  In addition, because the linewidths of the experimental spectral peaks are 
difficult to evaluate, there may be deviations between these and the simulated resonance 
linewidths that also account for the difference in enhancement factors. 
Although the splitting of the resonance into two peaks was not originally 
anticipated, it provided a region of the device in which the simulated enhancement (Fig 
2.3d) was two times higher than that predicted in the normal incidence simulation (Fig 
2.3c).  The simulated data in Figure 5 suggests that this increased enhancement stems 
from the generation of a peak with a low spectral width (FWHM = 0.3 nm).  Although 
the resolution of the spectrometer used to generate experimental transmission spectra 
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cannot adequately resolve peaks of such low spectral width, the experimental data in Fig 
3b suggests that two peaks are present and one has a smaller spectral width than the 
other.  This data verifies that it is advantageous to design PC slabs for enhanced 
fluorescence such that resonances have small line widths that overlap the excitation 
wavelength of the incident light.  However, the small linewidth of the fluorescence 
profile peak with larger intensity illustrates that only a small range of TiO2 thicknesses 
can achieve maximal response.  If one relies on a fluorescence scanner that has an 
excitation path fixed at normal incidence, the TiO2 layer of the photonic crystal must be 
deposited at a precise thickness in order to align the resonance wavelength with the 
excitation wavelength.  Furthermore, the addition of biomolecules on the device surface 
alters the effective refractive index of the structure, changing the resonant wavelength; 
this is the working principle behind photonic crystal biosensors [61].  This issue can be 
alleviated by using a fluorescence scanner with an adjustable angle of incidence, since the 
resonant condition for a specific wavelength is a function of angle.  If this is not an 
option, the tradeoff between linewidth and enhancement factor must be assessed during 
the design of PCs for enhanced fluorescence. 
 The feasibility of this approach in performing enhanced fluorescence over as 
areas as large as an entire microscope slide can be determined by evaluating tolerances of 
the system under study.  At normal incidence, the relationship between the period of the 
photonic crystal and the wavelength at which it operates can be estimated by the 
following equation, which is a simplification of Equation 2.1: 
! 
" = neff#      (2.2) 
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in which λ represents the wavelength at which the transmission dip occurs, neff represents 
the effective refractive index of the resonant mode, and Λ represents the period of the 
structure [62].  Using the measured wavelength of operation and period of the device, the 
effective refractive index can be approximated as 1.76.  The fluorescent molecules are 
excited by a laser operating at a fixed wavelength (633 nm) and a narrow spectral width.  
Assuming the mode effective refractive index does not vary, detuning of the resonance 
from the laser wavelength is possible when there are variations in the photonic crystal 
period.  By applying Equation 1 and substituting Δλ, or the FWHM of the photonic 
crystal resonance, for the laser wavelength λ, an approximation of the tolerance in the 
period (ΔΛ) can be obtained.  This tolerance represents the change in period required to 
completely shift the resonance away from the laser wavelength.  To obtain the maximum 
enhancement illustrated in this work, a FWHM of Δλ = 0.3 nm was required, which 
indicates that a change in period of 0.528 nm would be sufficient to shift the peak away 
from the target wavelength.  An enhancement factor of 8 times was achieved with a peak 
that had a FWHM of 11 nm.  This translates to a much more favorable tolerance for the 
period of 19.4 nm.  A change in period greater than 19.4 nm, or 5.38% of the period, 
would be required to shift the peak away from the target wavelength.  It is important to 
note, however, that these calculations only apply to the materials used in this work, which 
determine the effective refractive index.  This analysis also assumes a uniform TiO2 
thickness. 
In conclusion, a PC was fabricated with a graded thickness TiO2 layer and 
contains reflective resonant peaks for a range of position-dependent wavelengths 
spanning 100 nm.  These resonances overlap a large range of wavelengths, including the 
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excitation wavelengths for Cyanine 5.  PCEF is observed when a resonance overlaps the 
fluorophore excitation wavelengths.  These results also suggest that large enhancement 
factors can be achieved with PC designs in which the resonance has a small spectral 
linewidth. 
 
 2.3 Other Properties of Photonic Crystal Enhanced Fluorescence 
 Enhanced excitation not only has a spectral profile, as detailed in the previous 
section, but it also has a spatial profile, which can be critical to efficient excitation of 
fluorophores on a PC surface.  Because of constructive interference associated with the 
guided-mode resonance, the electric field intensity within the PC is much higher than that 
of the incident wave.  These large field intensities penetrate into the superstrate and decay 
exponentially away from the PC surface.  Characterizing the decay length of the 
evanescent fields is an important consideration for applying PCEF to applications in 
which biomolecules are a fixed distance from the PC surface, such as microarrays and 
cell-based assays. 
 The decrease in electric field intensity as a function of distance from the surface of 
the PC is readily computed using RCWA, but the results of these simulations must be 
verified experimentally to ensure the accuracy of the simulation model as a design tool.  
This was accomplished by coating one-dimensional PCs resonant at 633 nm with varying 
thicknesses of a SiO2 layer to space fluorophores at varying distances away from the TiO2 
surface [63].  The fluorescence enhancement as a function of distance from the PC 
surface could then be compared with the simulated electric field intensity at varying 
heights above the PC.  As expected, the electric field intensity and fluorescence 
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enhancement exhibit an exponential decay as the height above the PC increases, with 
experimental data concurring with a simulated decay length (distance at which the 
intensity falls to 1/e of the maximum) of approximately 80 nm (Figure 2.6).  A decay 
length of this size ensures that microarray applications in which molecules are placed 
within 20-30 nm of the device surface are a perfect candidate for applying PCEF. 
 The spectral and spatial properties of enhanced excitation are crucial for 
understanding and optimizing PCs for enhanced fluroscence, but they do not take into 
account additional enhancement afforded by extraction effects.  These effects are crucial 
for optimization, since extraction enhancement may be multiplied by excitation 
enhancement to generate large enhancement factors.  These extraction effects, however, 
are more difficult to study because they are related to a PC’s dispersion, which takes a 
complex shape in three-dimensional space.  However, by careful manipulation of PCs to 
generate varied dispersion characteristics and by careful manipulation of the fluorescence 
collection optics, these extraction effects can be well understood. 
 To study the relationship between the spatial and spectral resonance characteristics 
and enhanced extraction, PCs of three different geometries were fabricated with 
poly(methyl methacrylate) embedded with quantum dots by electron beam lithography 
[64].  A linear grating, a square lattice of holes, and a hexagonal lattice of holes were all 
fabricated such that their TE resonances were aligned to the quantum dot emission 
wavelength of 620 nm at normal incidence (Figure 2.7).  The quantum dot excitation 
wavelength of 457 nm did not overlap resonances in any of the structures to ensure that 
only enhanced extraction could be studied.  To study the spatial distribution of 
fluorescence from these structures, each was illuminated with a 457 nm laser and the 
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emitted light was measured by a spectrometer as a function of polar angle using a small 
numerical aperture fiber probe.  As expected, the spatial distribution of fluorescence 
matched closely with the predicted dispersion of each PC (Figure 2.8).  This result 
indicates that the spatial emission profile for a collection of fluorophores can be 
redirected by a PC and even engineered with proper PC design. 
 The measurement of fluorescence for applications such as microarrays and cell 
imaging often relies on a large numerical aperture lens to obtain high resolution images.  
In this context, spectral measurements of fluorescence are rarely measured, and instead 
emission filters and photomultiplier tubes (PMTs) or charged-coupled device-based 
cameras are utilized.  Using this detection scheme, however, causes spectral and spatial 
information to be lost because a large numerical aperture lens collects a large range of 
angles indiscriminately, so small angular fluctuations in the fluorescence within the 
emission filter range cannot be resolved.  This effect was compared as a function of PC 
geometry by calculating the enhancement factor after varying the fluorescence collection 
half-angle and detection bandwidth for the measurements obtained in Figure 2.8.  A 
comparison of the geometries shows that with a large collection half-angle (15°) and 
detection bandwidth (20 nm), analogous to life sciences applications, a one-dimensional 
PC provides the largest enhancement, despite the fact the largest potential enhancement 
of any collection geometry is observed in the hexagonal lattice (Figure 2.9).  This study 
illustrates that the fluorescence collection scheme is crucial to the enhancement 
achievable by enhanced extraction, and that a one-dimensional PC structure is optimal for 
existing detection instrumentation. 
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2.4 Figures 
 
Figure 2.1 (a) Atomic force microscopy image of a portion of the photonic crystal 
surface. (b) Side view of the model used in Rigorous Coupled-Wave Analysis 
computations of the structure response.  Dimensions are based on data from atomic force 
micrographs of the structure at various steps in fabrication.  The structure period was 360 
nm.  The grating height was 60 nm, the SiO2 height was 145 nm, and the TiO2 thickness 
was varied from 70 to 220 nm. (c) Simulated transmission response as a function of 
wavelength under TE illumination for a region of the structure resonant at 633 nm. (d) 
Simulated electric field intensity for the structure in (b) when illuminated with 633 nm 
TE-polarized light at normal incidence.  
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Figure 2.2 (a) Sample transmission spectra from four locations on the graded wavelength 
photonic crystal at near-normal incidence. (b) Resonant wavelength as function of 
position for the actual graded wavelength photonic crystal and for a simulated structure. 
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Figure 2.3 (a) Fluorescence image of the entire graded wavelength photonic crystal 
device after application of a Cyanine-5 conjugated streptavidin monolayer. (b) Line 
profile from one horizontal line spanning the photonic crystal on the fluorescent image. 
(c) Simulated average electric field intensity on the top surface of the photonic crystal 
under normally incident 633 nm TE-polarized illumination, for the range of TiO2 
thicknesses deposited on the actual structure. (d) Simulated average electric field 
intensity as in (b), with an angle of incidence of 0.25°. 
 44 
 
Figure 2.4 (a) Line profile from one horizontal line spanning the region of the device 
without a photonic crystal on the fluorescent image. (b) Simulated average electric field 
intensity on the top surface of the off-device region under normally incident 633 nm TE-
polarized illumination, for the range of TiO2 thicknesses deposited on the actual structure. 
 
 
Figure 2.5 Simulated transmission at an incidence angle of 0.25° for two TiO2 
thicknesses (87 and 92 nm) at which distinct peaks exhibit maximum transmission at a 
wavelength of 633 nm. 
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Figure 2.6 (a) Exponential decay of the electric field intensity on the surface of the 
device, as a function of the thickness of the SiO2 spacer, as calculated by RCWA. The 
decay length of the field intensity was dRCWA = 79.72 nm. (b) Experimentally determined 
falloff of the fluorescence enhancement factor for Cy-5 as a function of the thickness of 
SiO2 layer deposited. The decay length determined by experiment was dexp=84.78 nm. 
Both calculations and experiments were performed for an incident wavelength of  
λ=632.8 nm [63]. 
 
 
Figure 2.7 Photonic crystal design and fabrication. (a) Layout of the fabricated PCs with 
different lattice symmetry, showing the PMMA grating containing the quantum dots, the 
TiO2 waveguide region and the glass substrate. (b) Atomic force microscopy images of 
the samples fabricated using electron-beam lithography in which Г, X and M are points 
of high symmetry. The thicknesses tg and twg are kept constant at 170 nm and 150 nm for 
all the structures while the periodicities are Λlin = Λsq = 340 nm and Λhex = 395 nm [64]. 
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Figure 2.8 Leaky mode dispersion and angle-resolved fluorescence. Comparison 
between the RCWA calculated leaky mode dispersion and the resonant features in the 
angle-resolved fluorescence measurements for the (a) linear, (b) square, and (c) 
hexagonal lattices along the directions of high symmetry. Excellent agreement between 
the calculated dispersion and the experimentally obtained data suggests that the emitted 
fluorescence couples to leaky modes and exits the devices by following the photonic 
dispersion. Increasing intensity at normal incidence and reduced enhancement of the 
fluorescence at large detector angles is explained on the basis of an increasing number of 
diffraction planes and reduced coupling efficiency as the degree of symmetry increases 
[64]. 
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Figure 2.9 Dependence of enhancement factor on the detection window- angle-integrated 
fluorescence. Comparison of the fluorescence intensity collected at normal incidence 
from the linear (blue), square (red), hexagonal (green) lattices and a unpatterned 
reference (black) with a collection half-angle of (a) ~0.05° (c) ~8.6° and (e) 14.5° and 
corresponding wavelength bandwidths (b), (d) and (f) demonstrating the dependence of 
enhancement factor on both the lattice symmetry and detection window. The data 
indicates that the choice of lattice for maximum enhancement depends on the detection 
modality and can be explained from inspection of the angle-resolved fluorescence 
measurements.  For radiation collected at normal incidence over a 5 nm detection 
bandwidth, the radiation from QDs coupled to the hexagonal lattice is over 220 times that 
from the reference [64]. 
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CHAPTER 3 
EMPLOYING TWO DISTINCT PHOTONIC CRYSTAL 
RESONANCES TO IMPROVE FLUORESCENCE 
ENHANCEMENT* 
 
 Experiments characterizing the spectral shape, distance dependence, and 
extraction characteristics of various PC geometries can be applied to assist in the 
optimization of PCEF.  The first important finding is that a PC resonance should be 
aligned with the laser wavelength of the excitation source to observe enhanced excitation, 
and the magnitude of enhancement is inversely proportional to this resonance linewidth.  
The second important result is that excitation enhancement is highest for fluorophores 
closest to the PC surface, so surface chemistry schemes directly linking the surface to 
fluorophores are optimal.  The final key discovery is that the magnitude of extraction 
enhancement is highly dependent on the fluorescence detection scheme as well as the PC 
optical characteristics.  PC resonances must overlap the emission wavelengths of the 
fluorophore, but the spatial distribution of these resonances must also be aligned with the 
fluorescence detection optics.  For detection schemes with large collection half-angles, 
such as fluorescence microscopes and scanners, a linear grating geometry provides the 
greatest benefit. 
                                                
* Reproduced in part with permission from "Employing two distinct photonic crystal 
resonances to improve fluorescence enhancement," Applied Physics Letters, vol. 95, p. 
021111, 2009.  Copyright 2009, American Institute of Physics. 
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 This chapter builds on these results by demonstrating a PC that is designed to 
optimally enhance a specific fluorophore in a commercial detection scheme.  The 
detection scheme chosen for PC optimization was the microarray scanner due to the 
popularity of microarrays and the easy translation of PCs into these assays.  Because 
microarray scanners typically work at normal incidence, the PC was designed to utilize 
multiple resonances overlapping the excitation and emission wavelengths of Cy-5.  This 
PC was fabricated by nanoreplica molding and Cy-5 conjugated protein spots were 
dispensed on the PC and control glass slides for comparison, illustrating considerable 
enhancement. 
 
3.1 Optimization of Photonic Crystal Enhanced Fluorescence for 
Normal Incidence Operation 
3.1.1 Simulation and Experimental Protocol 
 The one-dimensional PC was designed by simulation software to exhibit a 
resonant reflection at the He-Ne laser excitation wavelength (λ = 632.8 nm) as well as a 
second resonance overlapping the transmission bandwidth of the Cy-5 emission filter 
(690±20 nm).  The resonance at the Cy-5 excitation wavelength was designed for TM-
polarized illumination (electric field components perpendicular to periodic modulation), 
while the resonance overlapping the Cy-5 emission spectrum was designed for TE-
polarized illumination (electric field components parallel to periodic modulation).  The 
simulation package (DiffractMod, RSoft) employs RCWA to determine resonance 
wavelengths based on PC period (Λ), grating depth (d), TiO2 thickness (tTiO2), and 
material refractive indices (nUVCP = 1.46, nSiO2 = 1.46, and nTiO2 = 2.35) derived from 
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experimentally determined values.  Illumination was fixed to normal incidence.  A design 
of Λ = 360 nm, d = 60 nm, and tTiO2 = 160 nm was chosen, with a grating width of 180 
nm (Fig 3.1a).  A SiO2 layer of thickness tSiO2  = 300 nm was included to vertically offset 
the TiO2 layer from the fluorescent UV-curable polymer layer, decreasing substrate 
fluorescence. The simulated transmission spectra are shown in Figure 3.2a. 
 The PC was fabricated by nanoreplica molding liquid UV-curable polymer into an 
8” silicon wafer with a negative volume image of the PC design [65].  After polymer 
curing, SiO2 and then TiO2 were sputtered onto the structure according to design 
dimensions. PCs were cut to fit 1x3” microscope slides and adhered to slides with optical 
adhesive. PC dimensions were measured by atomic force microscopy (Figure 3.1b); the 
period was Λ = 368 nm and the grating depth was d = 60 nm.  The resonant wavelengths 
(Figure 3.2b) were determined by illuminating the PC with collimated white light and 
measuring the transmitted light with a spectrometer (Ocean Optics).  The simulated TM 
resonance wavelength was λTM = 628 nm with a full-width at half-maximum (FWHMTM) 
of 3 nm, while the measured wavelength was λTM = 629 nm with FWHMTM = 4.4 nm.  
The TM resonance wavelength of 628 nm does not exactly match the laser wavelength of 
633 nm to allow for shifting of the resonance wavelength when proteins are attached to 
the surface, locally altering the effective refractive index [66].  The simulated TE 
resonance wavelength was λTE = 684 nm with FWHMTE = 48.7 nm, with measured values 
of λTE = 692 nm and FWHMTE = 17.8 nm.  The discrepancy between measured and 
simulated TE resonance characteristics likely arises because the simulation does not take 
into account rounding and sidewall deposition of the sputtered dielectric film (Figure 
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3.1b).  However, since the resonance still entirely overlaps the Cy5 emission range, this 
deviation should have minimal impact on enhanced extraction. 
 To evaluate fluorescence enhancement, a ~15 nm layer of SiO2 was deposited 
onto the PC and the control glass slide for identical surface chemistry conditions.  Both 
surfaces were cleaned by O2 plasma for 3 min and functionalized by incubation in an 
enclosed chamber with 5% 3-glycidoxypropyldimethylethoxysilane in dry toluene at 
100° C overnight. Cy-5 conjugated streptavidin (GE Healthcare) at 10 µg/ml in 
phosphate buffered saline (PBS) plus 0.5% trehalose was spotted onto the slides (Perkin 
Elmer Piezorray) with 96 replicates of 300 pL spots per slide.  The slides were washed by 
ultrasonication in a 0.05% Tween solution in PBS for 30 sec, followed by ultrapure 
deionized water rinse.  The slides were scanned in a microarray scanner (Tecan LS 
Reloaded) with TM-polarized 633 nm illumination at an incidence angles of 0° and 20° 
with fixed photomultiplier tube gain and a resolution of 20 µm.  ArrayPro Analyzer 
software collected spot and background fluorescence intensities.  For each spot, the net 
fluorescence intensity, or the spot intensity minus the local background intensity was 
calculated.  In addition, the SNR, or the net fluorescence intensity divided by the noise 
(or standard deviation of the local background intensity) was calculated. 
 
3.1.2 Results and Discussion 
 The mean spot intensities over the 96 replicate Cy-5 conjugated streptavidin spots 
for the PC and glass slide at normal incidence and at an incidence angle of 20° are listed 
in Table 3.1.  Spot intensities on the PC were enhanced by 59.5x relative to the glass slide 
at 0°, and the enhancement factor at 20° was 4.81x.  The normal incidence SNR 
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enhancement was 41.9x while the SNR enhancement at 20° was 4.3x.  A representative 
line profile generated by plotting fluorescence intensities from a single line of pixels 
through 3 spots on the PC and the glass images appears in Figure 3.3.  This profile clearly 
illustrates the SNR enhancement provided by the PC, as the fluorescence intensity 
throughout the spots is significantly elevated on the PC while the background and noise 
intensities are only slightly higher. 
 This PC utilizes resonant reflections with a TM-polarized resonance to amplify 
the excitation light and a TE-polarized resonance to increase detection of fluorophore 
emission.  The intensity enhancement of 59.5x at normal incidence is significantly higher 
than previous one-dimensional surface PC structures using excitation enhancement alone 
to achieve an enhancement of 18x [67].  This suggests that both enhanced excitation and 
enhanced extraction multiply at normal incidence, greatly improving the PC’s 
enhancement factor of the PC over previous one-dimensional designs.  The PC’s 
optimization at normal incidence is also useful, since a majority of microarray scanners 
utilize normal incidence illumination and emission collection.  Thus, this work 
demonstrates a feasible substrate to replace glass microscope slides in microarrays.  
Coupled with the inexpensive PC fabrication by nanoreplica molding, normal incidence 
operation makes PC substrates for microarray work attractive to researchers because they 
can use their current instrumentation and achieve increased performance without 
significant increases in cost. 
 In conclusion, RCWA was used to design a PC operating at normal incidence 
with a TM resonance to excite surface-bound Cy-5 more strongly and a TE resonance to 
redirect a larger proportion of Cy-5 emitted light toward detection instrumentation.  The 
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PC was fabricated inexpensively by nanoreplica molding and showed good agreement 
with the design characteristics.  By applying identical surface chemistries to the PC and a 
glass slide, we achieve an intensity enhancement of 60x from Cy-5-conjugated 
streptavidin spots and a SNR enhancement of 42x. 
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3.2 Table 
Table 3.1 Spot intensities and signal-to-noise ratios for photonic crystal and glass slide at 
identical scan conditions over 96 replicates per slide.  Coefficients of variation (CV) are 
included for each scan condition. 
 PC, 0° 
Incidence 
Glass, 0° 
Incidence 
PC, 20° 
Incidence 
Glass, 20° 
Incidence 
Mean Spot Intensity 
(counts) ± CV 
23700 ± 12.6% 398 ± 15.9% 1430 ± 6.47% 297 ± 18.4% 
Signal-to-Noise 
Ratio ± CV 
6910 ± 22.3% 165 ± 15.3% 512 ± 11.6% 119 ± 18.0% 
 
3.3 Figures 
 
Figure 3.1 (a) Schematic of photonic crystal designed in this work.  The dimensions are 
as follows: period Λ = 360 nm, grating depth d = 60 nm, SiO2 thickness tSiO2 = 300 nm, 
and TiO2 thickness tTiO2 = 160 nm.  The grating width is 50% of the period. (b) Atomic 
force micrograph of photonic crystal fabricated by nanoreplica molding, showing the 
measured period of Λ = 368 nm and a grating depth of d = 60 nm, in good agreement 
with the simulated structure. 
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Figure 3.2 (a) Simulated and (b) measured transmission efficiency as a function of 
wavelength for white light illumination of the photonic crystal at normal incidence with 
either TM polarized incident light or TE polarized incident light. 
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Figure 3.3 Intensity profile as a function of distance for a line of fluorescent image pixels 
profiling three spots of Cyanine-5 conjugated streptavidin for both the glass slide and the 
photonic crystal under normal incidence illumination.  Fluorescence intensity is plotted 
on a logarithmic scale. 
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CHAPTER 4 
APPLICATION OF PHOTONIC CRYSTAL ENHANCED 
FLUORESCENCE TO A CYTOKINE IMMUNOASSAY* 
 
 Enhancing fluorescence with PC surfaces has delivered enhancements of more 
than one order magnitude consistently over large areas, as evidenced from the PC 
optimized for microarray scanner characterized in Chapter 3.  While the enhancement 
observed from the dye is easily quantified by spotting identical protein-dye conjugates on 
PCs and glass slides and comparing their intensities, it is unclear what effect this 
enhancement has on a biological assay in which an analyte is detected and quantitated.  
The most straightforward method of ascertaining this effect is to conduct identical assays 
on PC and glass substrates and compare important assay metrics such as the limit of 
detection for an analyte or the assay resolution.  This methodology can reveal the impact 
of PCEF on an assay of interest, but just as importantly, it can provide a context-*specific 
metric for comparing two different PCs to determine which is suited for the application of 
interest. 
 This chapter details the first application of PCEF to an immunoassay, establishing 
an experimental protocol that can be performed across different devices to compare their 
performance.  In this work, an analog of the popular enzyme-linked immunosorbent assay 
(ELISA) is completed in which the enzyme is instead linked with a fluorescent tag.  To 
                                                
* Reproduced in part with permission from "Application of Photonic Crystal Enhanced 
Fluorescence to a Cytokine Immunoassay," Analytical Chemistry, vol. 80, pp. 9013-9020, 
2008.  Copyright 2008, American Chemical Society. 
 
 58 
evaluate whether PCEF improves this assay, a two-dimensional PC design designed for 
enhanced fluorescence and label-free sensing that was not previously discussed in this 
thesis but detailed in previous published work [68] is used since these experiments were 
initiated prior to the design of the PC detailed in Chapter 3.  After evaluating the impact 
of the two-dimensional PC on assay metrics such as the assay limit of detection, the assay 
is applied to the optimized one-dimensional PC discussed in the previous chapter. 
 
4.1 Examining the Effect of a Two-Dimensional Photonic Crystal on a 
Cytokine Immunoassay 
The simultaneous quantitation of multiple proteins promises to aid researchers 
seeking to understand protein interaction networks and may potentially be clinically 
useful for diagnosis and prognosis with serum biomarkers [69].  One approach to 
multiplexed protein detection has been an adaptation of the DNA microarray format to 
immunoassays.  Fluorescence-based protein microarrays have demonstrated detection 
limits comparable to ELISAs while measuring multiple proteins within each array.  These 
protein microarrays have been adapted and optimized for detection of cancer biomarkers 
[70] and cytokines [71-73]. Cytokines are a particularly promising class of analytes for 
multiplexed detection because they rarely act alone and rely on the upregulation or 
downregulation of multiple cytokines simultaneously to achieve a particular 
physiological effect.  Cytokines are associated with immune responses to infection, but 
may be associated with non-infectious diseases.  Because the immune system is 
integrated with other physiological systems such as the cardiovascular and 
gastrointestinal systems and cytokines often act as a signaling system throughout the 
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body, these proteins may be a valuable tool in understanding and diagnosing disease.  
While protein microarrays on optically passive surfaces such as glass slides have been 
useful in multiplexed cytokine quantitation, the utility of these arrays can be expanded by 
a more accurate determination of protein levels as well as lowered limits of detection.  
This work demonstrates how PC surfaces can be used to achieve improved detection 
sensitivity and more accurate quantification of a representative protein biomarker 
compared to performing the same immunoassay on a glass surface. 
A microspot fluorescence immunoassay is performed for the cytokine TNF-α 
simultaneously on glass slides and PC surfaces under identical experimental conditions to 
evaluate the impact of enhanced fluorescence on the assay.  The PC used in this work is 
similar to a combined label-free biosensor and enhanced fluorescence device [68].  While 
this PC is capable of label-free detection of proteins that could enable spot density 
quantitation, we focus on the impact of enhanced fluorescence on the signal-to-noise ratio 
(SNR) of the assay since this can allow more accurate quantitation of protein levels at the 
lowest concentrations assayed.  The optical properties of the PC are explored by 
computer modeling to predict the magnitude of the enhanced excitation effect, and for 
comparison with experimental measurements.  Using a nanoreplica molding process, PCs 
the size of microscope slides are fabricated for compatibility with commercial microarray 
spotters and scanners.  A layer of SiO2 is added to the PC so an identical surface 
chemistry interaction can be achieved on both the PC and the glass slide.  A microspot 
immunoassay is performed on both substrates using a fluorescent Cyanine-5 label.  By 
evaluating the immunoassay over a concentration series on glass and PCs, the impact of 
PC enhanced fluorescence on the assay resolution and detection limit is assessed. 
 60 
 
 
4.1.1 Simulation and Experimental Protocol 
Rigorous Coupled-Wave Analysis (RCWA) [59] was employed to simulate the 
behavior of the PC under multiple illumination conditions.  Simulations were performed 
with commercial software (R-Soft DiffractMOD) that modeled the transmission 
characteristics under broadband illumination as well as the electric field profiles for the 
structure at resonance when illuminated with a 633 nm source.  The three dimensional 
spatial distribution of electric field intensities within the PC structure at resonance were 
derived from the square of the three dimensional electric field profile output from the 
software. 
The PCs were fabricated by a nanoreplica molding process described previously 
[65].  Briefly, a silicon wafer “master” mold template consisting of a negative volume 
image of the PC grating pattern was fabricated by deep-UV lithography.  UV-curable 
polymer was sandwiched between the master and a flexible sheet of polyethylene 
terephthalate (PET) and the polymer was cured to a solid phase using a high intensity UV 
lamp.  The replica was peeled from the master and a layer of SiO2 was deposited by 
sputtering to separate the high refractive index layer from the autofluorescent UV-cured 
polymer.  The high refractive index layer of TiO2 was then deposited by sputtering to 
complete the PC.  A thin film of SiO2 (15 nm) was deposited onto the PC in order to 
provide a surface equivalent to a glass slide for the silane surface chemistry.  PC slides 
were created by cutting the replicated sheet to a 1” x 3” area and mounting it to a 
microscope slide with optically clear adhesive film (3M).  The surface structure was 
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characterized with an atomic force microscope (Dimension 3000, Digital Instruments).  
Optical characterization of PCs was carried out by illumination of the devices with a 
collimated, polarized white light source and collection of transmitted light into a UV-VIS 
light spectrometer (USB 2000 Ocean Optics, Inc.).  PC slides were mounted onto a 
rotational stage and rotated in order to ascertain the angle at which the device would 
exhibit a resonance at a laser illumination wavelength of 633 nm. 
An epoxysilane-based surface chemistry selected for providing a low degree of 
background autofluorescence was utilized [74].  Glass slide control substrates were first 
washed by immersion in 0.1 M NaOH for 1 hour, followed by a 15 minute 
ultrasonication in the same solution.  Glass slides and PC slides were treated for 5 
minutes in an O2 plasma (Texas Instruments Planar Plasma System).  The same surface 
treatment was then applied to both types of slides.  Slides were immersed in a solution 
consisting of 10 mM acetic acid in ethanol with 2.5% GPTS for 1 hour.  The slides were 
then washed twice with ethanol and dried under a nitrogen stream. 
Twelve 9x9 mm2 wells were drawn onto each slide with a hydrophobic pen 
(Super HT Pap Pen, Research Products International Corp.).  Nine spots of capture 
antibody (Mab1) at a concentration of 250 µg/ml in the 5% glycerol spotting buffer were 
applied to each well using a noncontact droplet deposition instrument (Perkin Elmer 
Piezoarray).  After spotting, the slides were stored at 4° C overnight.  The slides were 
washed by immersion in water and blocked with PBS Milk Blocking Solution for 1 hour.  
The slides were then washed with PBS-T and a concentration series of TNF-α was 
applied to each slide for 2 hours.  Five concentrations and one negative control in 
duplicate were added to the wells of the slides, with a maximum concentration of 1 ng/ml 
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diluted fivefold to a minimum concentration of 1.6 pg/ml.  After washing, detection 
antibody (biotin-Mab11) was added to each well at a concentration of 10 µg/ml for 1 
hour.  Cy5-conjugated streptavidin was then added at a concentration of 10 µg/ml for 30 
minutes.  Slides were washed and dried under a stream of nitrogen. 
Fluorescence measurements were taken using a commercially available confocal 
microarray scanner with user-adjustable angle of incidence laser excitation (LS Reloaded, 
Tecan) in order to allow alignment of the PC resonance with the incident wavelength.  
The PC slides and glass slides were scanned with identical conditions (photomultiplier 
tube (PMT) gain, incidence angle).  PC slides were scanned at an angle that fulfills the 
resonant condition at 633 nm (3.2°) and an angle at which no resonance occurs at this 
wavelength (20°). Array Pro Analyzer software was used to quantify spot and 
background fluorescent intensities.  ImageJ software was used to generate spatial profiles 
of the fluorescence data.  ProMAT (http://www.pnl.gov/statistics/ProMAT) was used to 
fit fluorescence data to a four-parameter logistic model and to calculate the lower limit of 
detection for the immunoassay. 
 
4.1.2 Results and Discussion 
The PC used in this work has a similar structure to the polarization-dependent 
combined enhanced fluorescence and label-free biosensing PC previously designed and 
tested by our group [68].  However, in that work, the PC was fabricated by electron-beam 
lithography over an area of only 1 mm2; we have modified the design and employed an 
8” silicon master wafer to inexpensively fabricate the PC over large areas using a 
nanoreplica molding approach.  Thus, PC surfaces may be produced to cover the entire 
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surface of conventional microscope slides for compatibility with the liquid handling and 
scanning instrumentation methods typically used for microarrays. 
The PC structure, shown in Figure 4.1a, is comprised of a UV-cured polymer (not 
pictured), a SiO2 layer that is refractive index-matched to the polymer (nSiO2 = 1.45), and 
a high-refractive index TiO2 layer (nTiO2 = 2.35).   The PC has a different grating period 
in each of the two orthogonal axis along the surface, with a period of Λy=535 nm in one 
direction, a period Λx=365 nm in the other direction, and a structure height of d=40 nm.  
The incident light illuminating the structure has its electric field polarization in the y-
direction.  For this simulation, the y-axis is defined as the rotation axis for the incident 
light.  The simulation does not take into account any rounding of the structures that may 
occur during fabrication, nor does it account for slight differences in deposited film 
thickness on the upper and lower horizontal surfaces that may occur during sputtering.  
As is apparent from the atomic force microscope image in Figure 4.1b, significant 
rounding is observed in the final replicated PC structure since the flux of the sputtered 
molecules is not completely normal to the surface during the deposition process. The 
measured periods are Λy=520 nm, and Λx=360 nm, while the measured structure height is 
d=45 nm. 
The guided-mode resonance that amplifies the electric field near the PC surface is 
observable as a highly efficient reflection at the necessary combination of wavelength 
and incident angle of external light.  The incident angle required to achieve a guided-
mode resonance at the HeNe laser wavelength (λ=633 nm) can be ascertained through 
measurements of white light transmission through the PC.  Figure 4.2a shows simulated 
and measured transmission intensity as a function of wavelength for an incident angle 
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that results in a resonance condition at a wavelength of λ=633 nm.  The simulated PC 
exhibited this resonance when the incident angle was tuned to 4.1°, while the actual PC 
had a resonance angle of 4.2°.  Both transmission dips for the measured and the simulated 
structures lie at similar values, 633 nm and 678 nm, showing excellent agreement 
between the theoretically modeled and experimentally observed behavior. It is important 
to note that the dip at 678 nm lies within the range of the emission filter (and fluorophore 
emission wavelengths) for the microarray scanner used in this work (690 ± 20 nm).  In 
fact, the resonance will overlap these wavelengths for a range of incident angles, so that 
enhanced extraction of Cyanine-5 fluorescence may be observed, in addition to enhanced 
excitation due to the 633 nm resonance. 
The electric fields within the structure under resonant illumination are enhanced 
relative to the incident electric field, leading to enhanced excitation of fluorophores in 
close proximity the high-field region.  To quantify this effect, electric field intensities 
were derived from the simulation during illumination with polarized,  λ=633 nm light.  A 
plot of one cross-section of the total simulated electric field intensities in the PC is shown 
in Figure 4.2b.  The electric field intensity shown in this plot represents one period of the 
device in one lateral direction, or a distance of 535 nm.  The electric field intensities are 
also periodically spaced in the other lateral direction at a period 360 nm (not shown).  
The highest electric field intensity, ~22x the incident light intensity, appears within the 
high refractive index TiO2 layer, and evanescently decays into the air medium above the 
PC surface.  The average electric field intensity on the top exposed surface of the PC 
(including the added SiO2 layer) is ~7x the intensity of incident light, which suggests that 
fluorophores directly on the PC would exhibit a fluorescence intensity that is up to seven 
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times higher than on a optically passive substrate (due to the effect of enhanced excitation 
alone).  However, it is unlikely fluorescent tags used in a sandwich ELISA assay would 
be present directly upon the PC surface due to surface chemistry layers, the immobilized 
antibody layer, and the analyte layer, and are thus most likely to be found up to 20 nm 
above the SiO2 surface.  The average electric field intensity 20 nm above the PC surface 
is ~4x the incident intensity, so a fluorescence excitation enhancement of between 4 to 7x 
can be expected from the effects of enhanced electric fields with the present structure.   
For the purposes of quantifying the effect of the PC on the measured fluorescence 
intensity images, clear distinctions between measured quantities within this microspot 
assay should be made.  Measurements of fluorescent intensity outside of the 
immunoassay spots are referred to as background intensity, and each spot has an 
associated local background intensity.  These background intensities have some 
distribution associated with random noise, so noise is defined as the standard deviation of 
the background intensity.  The fluorescence intensity from each spot is the raw signal 
intensity, but more important for our analysis is the net signal intensity, which is the 
background-subtracted raw signal intensity. 
The PC can influence the intensity of Cyanine-5 fluorescence by the two 
previously described effects: enhanced excitation and enhanced extraction.  These effects 
can be separated by illuminating the structure with incident light at the λ=633 nm 
resonant angle, which will be referred to as the PC “on-resonance”, and illuminating the 
structure with light at another arbitrary angle, which will be referred to as the PC “off-
resonance”.  When the PC is on-resonance, both enhanced excitation and enhanced 
extraction can impact the fluorescence intensity, while enhanced extraction acts alone 
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when the PC is off-resonance.  The impact of enhanced extraction in particular is 
dependent on the detection instrumentation since the effect relies on radiation of emitted 
light in specific directions (towards the detector).  The microarray scanner used in this 
study has a large acceptance angle for emitted light, so the effects of enhanced extraction 
are measurable. 
The background intensity of the PC off-resonance is 5.95x higher than the glass 
slide, and the off-resonance PC noise intensity is 2.92x higher than the glass slide, with a 
less than 4% coefficient of variation (CV) for both measurements over all spots on the 
devices.  This increased background in the PC is due primarily to autofluorescence from 
the UV-cured polymer structure and PET substrate. The on-resonance PC background 
intensity is 1.57x the off-resonance PC background, and the average ratio of on-
resonance to off-resonance noise intensity is 1.30x. These numbers suggest that only 
small increases in background fluorescence occur due to high electric fields within the 
PC.  When the PC is on-resonance, its average background intensity is 9.34x the glass 
background and its average noise intensity is 3.79x the glass noise.   
The enhancements observed in the signal intensities are in fact higher than the 
increased background and noise intensities, which lead to increased SNR. The SNR is the 
net spot intensity divided by the noise intensity and represents how easily a spot can be 
differentiated from noise.  For the assessment of the SNR enhancement, the data is 
analyzed in two groups: the three highest concentrations of analyte (40, 200, and 1000 
pg/ml) and the two lowest concentrations (8 and 1.6 pg/ml) plus the negative control.  
The rationale for this division is the fact that the SNR observed on the glass slide is less 
than 3 for the lower concentrations and control, which indicates the signals cannot be 
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distinguished from noise.  At the higher concentrations, the signal intensity is primarily 
determined by the number of fluorophores on the device surface.  A comparison of the 
SNR enhancement factors at these concentrations shows the SNR is enhanced by an 
average factor of 1.40 times on the off-resonance PC relative to the glass slide.  The PC 
SNR is enhanced another 3.69 times on-resonance, which makes the total SNR 
enhancement of the resonant PC relative to the glass slide a value of 5.14.  For the lower 
concentrations and negative control, the glass slide intensities and off-resonance PC 
SNRs are lower than 3, but the on-resonance PC has SNRs all greater than 3 (Table 4.1).  
In other words, unlike the glass and off-resonance PC, the on-resonance PC performance 
is not noise-limited at low concentrations, thus making it possible to detect lower 
concentrations of analyte on the PC.  Figure 4.3 illustrates the enhanced SNR for spots 
incubated with the lowest concentration of TNF-α (1.6 pg/ml), with an estimated SNR 
enhancement of over 8 times.  This SNR enhancement is one component in lowering the 
detection limit of the immunoassay, which can be addressed in more detail by an analysis 
of the complete concentration series. 
The net signal intensities for each concentration series were fitted to four 
parameter logistic curves using ProMAT software and plotted with their fitted curves in 
Figure 4.4a.  First, the sensitivity, or change in signal per change in concentration, is 
evaluated for identical scan conditions.  By determining the slopes on the fitted curve at 
each concentration assayed and calculating the ratio of PC to glass slopes, the off 
resonance PC sensitivity enhancement was calculated to be 3.86±1.14 and the on 
resonance PC sensitivity enhancement was calculated to be 22.6±7.11.  While the 
variation in the sensitivity enhancement is considerable due to the complexity of the 
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curves, these figures clearly illustrate the sensitivity of the assay is increased by the PC.  
However, the utility of an increased sensitivity is compromised if the assay resolution is 
negatively affected.  For example, the laser intensity can be increased to excite 
fluorophores more brightly but the observed noise will also increase, altering the 
sensitivity but having no effect on resolution, where the resolution is defined as three 
times the noise divided by the sensitivity.  The resolution represents the smallest change 
in concentrations that can be distinguished from noise.  In the case of the PC, when the 
sensitivity of the assay is enhanced, the noise-limited resolution is actually augmented as 
well.  At an assay concentration of 200 pg/ml, within the linear dynamic range of the 
assay, the resolution of the glass substrate immunoassay is 17.0 pg/ml, while the 
resolution of the on-resonance PC substrate immunoassay is 2.69 pg/ml.  Throughout all 
concentrations the impact of the off-resonance PC on the resolution is modest, with the 
PC resolution being 74.1±20.1% of the glass resolution.  The on-resonance PC has a 
much more dramatic effect on the resolution – the on-resonance PC resolution through all 
concentrations is 16.8±6.2% of the glass resolution. 
One possible benefit of enhanced resolution with the PC is enhanced limits of 
detection, which was evaluated by extrapolation during the curve fitting process with 
ProMAT.  Observation of the lower concentrations of the assay in Figure 4.4b shows the 
spot intensities on both the on-resonance and off-resonance PCs are considerably higher 
than for the glass slide, which reflects the enhanced SNR shown in Figure 4.3.  With a 
higher sensitivity and enhanced resolution, the PC is expected to show a lower limit of 
detection.  By evaluating the intensity of the negative control plus three times its standard 
deviation in relation to the fitted curve, ProMAT calculated the lower limit of detection 
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for the glass slide assay was 17.64 pg/ml.  The off-resonance PC assay demonstrated a 
limit of 8.85 pg/ml and the on-resonance PC assay demonstrated a limit of 5.90 pg/ml, 
representing limits of detection of 50% and 33% of the glass slide limits, respectively.  
These calculated detection limits represent quantitative limits of detection, or the 
minimum concentrations that can be accurately quantified by the assay.  Concentrations 
lower than this limit can be differentiated from noise but cannot be accurately quantified. 
Enhancing the signal from fluorescent molecules is a promising methodology for 
improving fluorescence-based assays such as the immunoassay demonstrated in this 
work.  Fluorescence of Cy-5 from immunoassay spots on the PC was enhanced by more 
than 20x relative to a control glass slide.  A popular analog to the PC enhanced 
fluorescence approach is metal enhanced fluorescence, which uses metal structures to 
enhance fluorescence through enhanced electrical fields and/or radiative lifetime 
modification.  Metal enhanced fluorescence has demonstrated a range of enhancement 
factors in the context of immunoassay experiments, with enhancements as high as 100-
fold for rhodamine on silver fractal-like structures [75] and of approximately 8x for 
Alexa Fluor-555 labelled IgG’s on silver island films [30].  However, the disadvantage of 
these formats is a lack of uniformity over large areas needed to assay a concentration 
series; fractal-like structures demonstrate hot spots and silver island films are randomly 
oriented.  The enhanced electric field distribution of the PC in this work has a period on 
the order of ~500 nm and this periodic pattern covers an entire microscope slide.  Thus 
the PC is capable of enhancing the fluorescent signal in a reproducible fashion over the 
entire slide. This distance is more than an order of magnitude smaller than the highest 
resolution for fluorescent microarray scanners as well as the smallest microarray spots, 
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ensuring that a uniform enhancement is achieved for all microspots without any 
alignment of spots to the substrate.  The ability to enhance fluorescence reproducibly 
over large areas is particularly important for immunoassays since a concentration curve is 
generated using multiple standard concentrations, which requires multiple sample wells.  
Furthermore, PCs can be generated inexpensively over microscope slides by nanoreplica 
molding, so the advantages of enhanced fluorescence can be realized without exorbitant 
fabrication costs. 
This work demonstrates for the first time the application of enhanced fluorescence 
to a microspot immunoassay, and in examining this application the practical benefits of 
enhancing fluorescence at low analyte concentrations can be assessed.  In particular the 
microarray allows a simple observation of the signal-to-noise ratio since large areas of 
the device do not contain fluorescent signal from the antibody sandwich complex.  The 
assay noise is composed of signal from nonspecific binding onto the substrate, but it also 
contains signal from the substrate itself since the confocal scanner measures fluorescence 
35 mm below the substrate surface.  PC enhanced fluorescence increases the SNR in 
three ways.  First, the electric field from the laser light is enhanced selectively throughout 
the substrate, including where fluorophores are concentrated.  Second, some proportion 
of light emitted from fluorophores will couple to the structure and be redirected toward 
the detector, capturing light that would be lost if the assay were performed on glass.  
Third, a large proportion of the laser light is reflected due to the resonant behavior of the 
PC, which ensures that the PC substrate fluorescence is excited less than an optically 
passive substrate such as glass.  While these mechanisms of SNR enhancement do not 
address noise from nonspecific binding, they can decrease the contribution of substrate 
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fluorescence to the SNR.  The importance of substrate fluorescence may vary depending 
on the type of assay performed, but this work demonstrates that increasing SNR does 
yield performance benefits for the TNF- α microspot immunoassay.  In this work an 
identical protocol for the immunoassay was performed on glass slides and PCs, but it is 
also important to recognize that the SNR enhancement may allow for modification of the 
protocol for more stringent assay conditions.  Such conditions could decrease the 
influence of non-specific binding while fluorescence enhancement maintains an adequate 
signal for quantification of very low concentrations of protein. 
PC enhanced fluorescence of Cy-5 yielded a signal from immunoassay spots that 
was enhanced by more than 20x relative to a control glass slide, with approximately 4x 
enhancement from enhanced extraction and 6x enhancement from enhanced excitation.  
The excitation enhancement of 6x compares favorably with predicted values of 4-7x from 
RCWA simulation, demonstrating that enhanced excitation can indeed be modeled.  
Work is currently underway to accurately model enhanced extraction as well in order to 
precisely predict the impact of modifications to PC designs on the expected enhancement 
for a given fluorophore.  Even without an accurate enhanced extraction model, the ability 
to simulate the electromagnetic field profile of the PC is extremely valuable in guiding 
rational design of enhanced excitation, particularly since the spatial field distribution may 
be engineered for increased performance. 
Despite achieving a more than 20x enhancement of the fluorescence intensity 
from Cy-5 and a SNR enhancement of more than 5x, the PC design used in this work can 
be further optimized.  The fact that the SNR enhancement does not equal the signal 
enhancement illustrates that noise is enhanced as well as signal, but the PC improves 
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assay performance because the signal is enhanced to a greater degree than the noise 
(likely a result of enhancing fields selectively in the fluorophore region as well as the 
reflection of the incident light).  However, the SNR enhancement may be improved by 
either reducing the noise from the substrate or by selectively increasing the signal 
enhancement.  One method of reducing substrate noise is by utilizing substrate materials 
that exhibit less fluorescence at the wavelengths of interest.  UV-cured polymer 
demonstrates higher levels of fluorescence than glass, but it is necessary for the 
nanoreplica molding process that provides inexpensive fabrication.  Alternative materials 
may be pursued, but materials that cannot be replica molded would require lithography to 
be performed on every substrate, which adds considerably to the cost per substrate.  An 
additional approach to improved performance is to pursue higher signal enhancements 
and engineer the high electric field regions to overlap the fluorophores rather than the 
substrate.  This can be achieved by altering the PC dimensions in an effort to reduce the 
resonance linewidths, which are inversely proportional to electric field intensity 
enhancement and fluorescence of molecules on the PC surface [67].  Alternatively, 
modeling of label-free PC biosensors shows that regions of high electric field intensity 
could be biased toward the surface of the device (the fluorophore region) by using a 
substrate material with a lower refractive index [76].  Thus the device presented in this 
work is not an optimized PC; alterations to PC materials can lead to increased signal 
enhancement and decreased noise enhancement and resonant linewidth engineering can 
yield larger signal enhancement factors.  
The SNR enhancement of the PC was substantial enough to simultaneously 
increase the sensitivity, enhance the resolution, and lower the detection limit of the TNF-
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α immunoassay.  The on-resonance PC demonstrated a sensitivity enhancement of more 
than 20x relative to a glass slide, while decreasing the minimum resolvable difference in 
concentrations by approximately 85%.  This is significant because the sensitivity of the 
assay (defined as the slope of the concentration curve) can be manipulated by a simple 
instrumentation change such as altering the PMT gain.  However, the noise will increase 
concordantly in such a case, yielding no gain in resolution.  The SNR enhancement 
allows for an increased fluorescence signal that is higher than a concurrent increase in 
noise – improving the resolution and detection limit.  The quantitative lower limit of 
detection for the resonant PC was 1/3 the limit of the glass slide.  Furthermore, the lowest 
concentration assayed, 1.6 pg/ml, could be detected (but not quantified) above noise on 
the PC and not on the glass slide.  The improvement of these metrics can be attained 
without an alteration of the basic instrumentation used for a protein microarray 
experiment, so this technology should be straightforward to implement by labs currently 
pursuing microarray research.  In addition, the PCs are manufactured inexpensively over 
large areas, so improvements can be attained without significant expense for 
instrumentation or for the PC substrate. 
The cytokine TNF-α plays an integral role in the immune response during 
infection and has been studied as a biomarker for sepsis, a state of acute inflammation 
throughout the body that is responsible for more than 100,000 deaths a year in the U.S 
[77].  An evaluation of cytokine concentrations in sepsis diagnosis determined that TNF-
α could be a useful biomarker with a cutoff value of 11.5 pg/ml [78], which is below the 
limit of detection for the glass slide but not the PC in this study.  This cutoff is not much 
higher than normal physiological TNF-α serum concentrations of 5-10 pg/ml [79, 80], 
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which underscores the importance of resolution – a metric that was significantly 
improved in the PC relative to the glass slide.  While the sensitivity and specificity of 
TNF-α in sepsis diagnosis is not high enough to warrant its use as a lone biomarker, the 
addition of other cytokines in the immunoassay may be powerful and is a subject of 
future study.  The protein microarray format lends itself to quantitation of multiple serum 
proteins at once by spotting capture antibodies to multiple analytes, and accurate, 
multiplexed cytokine measurement would be a valuable tool in understanding the 
modulation of the immune system during sepsis. 
As the biological role of networks of serum proteins in disease is further studied, 
protein microarrays can serve as an important tool for researchers who need to assay 
many quantities simultaneously.  PC enhanced fluorescence is a valuable tool to 
inexpensively augment the performance of these microarrays.  With further 
improvements in PC performance, the detection limits of these assays can be decreased 
even further, which may be useful in detecting new biomarkers associated with disease.  
Decreased detection limits can also enable researchers to not only monitor significant 
increases in serum proteins such as cytokines but also decreases in their levels as well, 
which may provide additional, previously unattainable information about sepsis and other 
complex diseases. 
In conclusion, a PC resonant at the excitation wavelength for Cyanine-5 was 
modeled using RCWA and demonstrated enhanced fields upon illumination at the 
resonant angle.  The spatial field profiles suggested at least a 4x enhancement of 
fluorescence from molecules on the PC surface due to enhanced excitation alone, with the 
mechanism of enhanced emission likely providing additional fluorescence enhancement.  
 75 
The PC was fabricated using a nanoreplica molding process with UV-curable polymer 
followed by a deposition of high refractive index dielectric.  A fluorescence microarray-
format immunoassay was performed on the PC and compared with a glass slide with an 
identical surface chemistry.  The resonant PC demonstrated a 5x enhancement of SNR 
relative to the glass slide, translating to increased resolution for the PC immunoassay and 
the ability to detect an analyte concentration of 1.6 pg/ml on the PC.  In addition, the 
quantitative limit of detection achieved on the PC was one-third the limit observed on the 
glass slide.  These results demonstrate that a PC enhanced fluorescence immunoassay can 
provide better resolution and lower detection limits than an assay on an optically passive 
substrate. 
 
4.2 Applying an Optimized One-Dimensional Photonic Crystal to the 
Cytokine Immunoassay 
 Performing the TNF-α immunoassay on a two-dimensional PC resulted in 
improved SNR, increased resolution, and decreased detection limit relative to a glass 
slide.  While this PC demonstrated an enhancement of more than 20x from fluorescent 
spots compared to an identically processed glass slide, this device was not optimized for 
use at normal incidence, as is the illumination condition of most commercial microarray 
scanners.  For the two-dimensional PC, a small angular offset of nearly 4° was required 
for the incident laser to fulfill the resonant condition.  The Tecan scanner used to measure 
fluorescence was capable of angular tuning of the excitation light and made significant 
enhancement possible.  The one-dimensional PC optimized in Chapter 3, however, 
demonstrated 3x higher enhancement from Cy-5 conjugated streptavidin spots, with a 
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total signal enhancement factor 60x.  To determine if this larger enhancement factor 
translated into better performance for the cytokine immunoassay, the experimental 
protocol detailed in section 4.1.1 was applied to the one-dimensional PC. 
 Background-subtracted fluorescence intensity from spots of captured TNF-α was 
plotted as function of TNF-α concentration for the PC operating at normal incidence and 
an identically processed glass slide (Figure 4.5).  The resolution was calculated as in the 
previous experiment, by determining three times the noise level for the assay and 
dividing that value by the slope of the concentration curve in the middle of the dynamic 
range.  The resolution for the glass slide assay was 13.0 pg/ml while this resolution was 
calculated as 3.9 pg/ml on the PC, representing a more than threefold improvement in 
resolution.  The detection limit on the PC, however, was more dramatically improved.  
The glass slide detection limit was 1.85 pg/ml, but the limit on the PC was 0.128 pg/ml, 
representing a more than tenfold reduction in the detection limit.  While the resolution 
improvement was no better than observed with the two-dimensional PC, the detection 
limit was greatly improved with the optimized PC, likely because the improved 
enhancement factor benefits the lowest assay concentrations preferentially. 
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4.3 Table 
Table 4.1  Average Signal-to-Noise Ratios of the Immunoassay On All Devices. 
Concentration (pg/ml) Glass Slide PC Off Resonance PC On Resonance 
1000 174 (± 66.4) 293 (± 58.1) 1060 (± 181) 
200 37.2 (± 17.9) 38.5 (± 6.01) 138 (± 26.4) 
40 5.31 (± 2.78) 7.72 (± 1.42) 29.9 (± 4.96) 
8 1.30 (± 0.90) 2.39 (± 0.53) 8.91 (± 1.84) 
1.6 0.686 (± 0.32) 1.53 (± 0.45) 5.75 (± 1.41) 
Negative Control 0.338 (± 0.20) 1.06 (± 0.35) 4.27 (± 1.32) 
 
 
 
4.4 Figures 
 
Figure 4.1 (a) Simulation model of the photonic crystal.  External laser illumination 
polarized in the y-direction interacts with the structure, resulting in electric field 
enhancement. (b) Atomic force micrograph of the fabricated photonic crystal.  The 
measured period in the x-direction is 360 nm, the period in the y-direction is 520 nm, and 
the height of the structure is 45 nm. 
 
 78 
 
Figure 4.2  (a) Transmission efficiency as a function of wavelength for the simulated and 
fabricated photonic crystal.  The angle of incidence for both structures was adjusted so 
the device is resonant at 633 nm.  The angle of incidence for the simulated structure was 
4.1° and the angle of incidence for the actual device was 4.2°.  (b) Electric field intensity 
cross section plotted for one period of the device.  The maximum field intensity is 22 
times the incident field intensity.  An exponential decay of the intensity can be observed 
from the top of the structure into the air superstrate. 
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Figure 4.3 Fluorescence images and associated line profiles from the PC and glass 
immunoassays at a concentration of 1.6 pg/ml.  The fluorescence images are contrast-
adjusted for better visualization of the spots.  The PC signal-to-noise ratio is 
approximately 8 times higher than the ratio for the glass slide immunoassay spots. 
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Figure 4.4 (a) Net signal intensity as a function of TNF-α concentration for the 
immunoassay performed on the PC on resonance, the PC off resonance, and the glass 
slide.  The data points and error bars are included with their fitted logistic curves.  (b) 
The data from (a) of the three lowest assay concentrations. 
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Figure 4.5 (a) Fluorescence intensity of spots on one-dimensional PC on resonance (red) 
and on control glass slide (blue) as a function of TNF-α concentration. (b) Spot intensity 
vs. concentration plot for the lowest assay concentrations.  The detection limit on the PC 
was calculated by ProMAT to be 0.128 pg/ml, while the detection limit on the glass slide 
was 1.85 pg/ml. 
 
 
 
 
 
 
 82 
CHAPTER 5 
APPLICATION OF PHOTONIC CRYSTAL ENHANCED 
FLUORESCENCE TO A DNA MICROARRAY 
 
The DNA microarray is a valuable tool for high throughput quantification of gene 
expression, allowing a large number of candidate genes to be examined for differential 
expression simultaneously without extensive prior knowledge of gene functions.  The 
important properties of these genes are discovered by assessing their expression in one 
tissue sample relative to another, and this methodology has allowed researchers to rapidly 
assess the roles of these genes in normal development and disease.  The expression 
profile characteristic of many microarray experiments is an exponential distribution, with 
a large number of genes expressed at very low levels and an exponentially decreasing 
number of genes expressed at high levels.  The noise present in DNA microarray 
experiments may be high enough that only a small fraction of genes assayed can be 
detected by fluorescence measurements.  While sample variation and non-specific 
binding play an important role in this experimental noise, microarray substrate 
fluorescence can contribute to noise as well.  This may explain the poor performance of 
microarrays in detecting genes with low expression levels relative to other methods [81, 
82].  To overcome the difficulties of quantifying the abundance of low expression genes, 
substrates that enhance the fluorescence observed from microarray spots can be used to 
achieve better assay performance. 
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PCs have previously been engineered to enhance the common microarray dye 
Cyanine-5 (Cy5) by more than one order of magnitude when scanned in a commercial 
microarray scanner (see Chapter 3).  This chapter details the application of this one-
dimensional PC design to a microarray experiment assessing differential expression 
between Glycine max (soybean) cotyledons and trifoliates, which represent tissues from 
two different developmental stages in the soybean plant.  Multiple PCs exhibiting highly 
uniform optical characteristics over the area of microscope slides were fabricated by 
nanoreplica molding.  These PCs were processed using published protocols in parallel 
with commercial microarray substrates.  By enhancing fluorescence, a larger number of 
genes can be detected above noise on the PC compared with glass substrates.  This effect 
translates into more than twice as many genes identified as differentially expressed 
between the trifoliate and cotyledon tissues.  Of particular interest are genes exhibiting 
low levels of expression since the PCs increase the power of microarrays to observe 
genes that could not previously be observed. 
 
5.1 Applying Photonic Crystal Enhanced Fluorescence to a DNA 
Microarray Protocol 
5.1.1 Experimental Protocol 
PCs were fabricated by the nanoreplica molding process detailed previously [65].  
The 360 nm period one-dimensional grating structure with a 60 nm grating depth was 
patterned on an 8” silicon wafer by deep-UV lithography.  After immersion in 2% 
dichlorodimethylsilane (PlusOne Repel-Silane ES), the grating was transferred to a 
polymer layer by nanoreplica molding; a UV-curable liquid polymer with index of 
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refraction npolymer = 1.46 was dispensed on a sheet of polyethylene terephthalate, and the 
grating pattern was transferred with a roller.  After curing the polymer under a high-
intensity ultraviolet lamp, 300 nm of SiO2 (nSiO2 = 1.46) and 160 nm of TiO2 (nTiO2 = 
2.35) were added to the grating structure by sputter coating.  The completed PCs were cut 
into 1” x 3” sections and adhered to glass microscope slides with an optically clear 
adhesive.  The PCs were optically characterized by illumination with polarized, 
collimated broadband light in the visible spectrum.  Light transmitted through the PCs 
was collected by an optical fiber and measured using a UV-visible light spectrometer 
(Ocean Optics).  To measure the dispersion of the devices, PCs were mounted on an 
angle-adjustable stage and rotated under either TE or TM illumination. 
PCs were cleaned by O2 plasma treatment and incubated with 3-
glycidoxypropyltrimethoxysilane at 185 mTorr overnight for surface functionalization.  
The control slides for microarray experiments were commercially available silanated 
glass slides (Corning GAPS II).  Oligonucleotides were printed on the slides using a 
Genetix QArray2 Robot.  A set of previously annotated 192 70-mer oligonucleotides 
derived from publicly available soybean EST and mRNA sequences was spotted on the 
slides with 40 repeats per sequence per slide.  These 192 oligonucleotides are a subset of 
a larger 19,200 set of oligonucleotides detailed in previous work [83].  Each of six 
spotted PCs was matched with a glass control to receive identical experimental 
treatments. 
Sample RNA was extracted using previously published protocols [83].  Cotyledon 
RNA was extracted from freeze-dried soybean cultivar Williams seeds with fresh weight 
between 100-200 mg.  Cotyledon RNA was purified using a Qiagen RNeasy kit.  
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Trifoliate RNA was extracted from freeze-dried rolled-up trifoliates of soybean cultivar 
Williams from leaves between 0.5 and 1.5 inches in length.  Sample RNA was labeled 
with Cy5 by reverse transcription.  Three replicate slides were hybridized for each of the 
two tissue samples, with an identical number of glass slides processed in parallel with the 
PCs.  Slides were blocked prior to hybridization with Bovine Serum Albumin, hybridized 
at 42° C overnight, and washed as described previously [83]. 
Slides were scanned with a Tecan LS Reloaded scanner with a TM polarized laser 
(λ = 632.8 nm) at normal incidence and an emission filter spanning 670 – 710 nm.  All 
slides were scanned at 10 µm resolution.  Initial scans were at equal photomultiplier tube 
(PMT) gain, but afterwards gains were adjusted for each slide such that spots with the 
largest fluorescence intensities did not saturate the scanner PMT.  Fluorescence images 
were analyzed using GenePix Pro 6.0 to compute spot and local background intensities, 
spot sizes, and SNRs for each spot.   
Expression data was analyzed using the Linear Models for Microarray Data 
(LIMMA) package in R.  Data was background corrected using the normalized plus 
exponential convolution model with an offset of 1 [84].  Quantile normalization was used 
to normalize between arrays.  Log-transformed Cyanine-5 intensities were condensed by 
averaging within-slide repeats and then fit to a linear model.  Empirical Bayes moderated 
t-statistics were calculated to assess differential expression between the trifoliate and 
cotyledon samples, with p-values adjusted by the Benjamini and Hochberg method to 
control the false discovery rate [85].  The significance level for testing was set to α = 
0.05. 
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5.1.2 Results and Discussion 
The PCs used to enhance fluorescence are periodic one-dimensional gratings 
designed by RCWA with period Λ = 360 nm and a grating step height h = 60 nm, 
described in previous work [86] and diagrammed in Figure 5.1a.  The PCs are composed 
of nanoreplica-molded UV-cured polymer (UVCP) with a refractive index of nUVCP = 
1.45, a 300 nm SiO2 spacer layer (nSiO2 = 1.45) (to displace resonant electric fields away 
from the UVCP, reducing background fluorescence), and a high-refractive index 160 nm 
TiO2 layer (nTiO2 = 2.35) required to generate the periodic contrast in refractive index.  
These PCs cover entire 1 x 3 in2 microscope slides for compatibility with normal 
labware.  The surface structure of a representative PC was profiled by atomic force 
microscropy in Figure 5.1b, yielding a measured period Λ = 366 nm and a grating height 
h = 50 nm. 
The measured spectra of visible light transmission through the PCs as a function 
of incidence angle reveals the specific illumination conditions required to excite 
resonances in the PCs (Figure 5.2a and b).  The resonance conditions are dependent on 
the polarization of incident light.  Transverse magnetic (TM) polarization refers to 
excitation light in which the electric field component is perpendicular to the grating lines 
of the PC, while transverse electric (TE) polarization refers to excitation light in which 
the electric field component is parallel to the grating lines.  A TM resonance intersects 
the Cy5 excitation wavelength of 632.8 nm at normal incidence, so that enhanced 
excitation of fluorophores may be observed with typical microarray scanner illumination 
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conditions. TM and TE resonances both overlap the microarray scanner emission filter 
window of 670-710 nm for a wide range of angles. 
To characterize the resonances within and across multiple PCs, the TM and TE 
resonances were analyzed at normal incidence to determine the resonance wavelengths 
(or wavelengths at minimum transmission) and the linewidths, or full-widths at half-
maximum (FWHM), of the resonances (Figure 5.2c).  Across the six PCs used for this 
study, the mean resonance wavelength of the TM resonance was 631.9 ± 0.6905 nm, with 
a mean FWHM of 4.033 ± 0.2733 nm.  The wavelength observed for the TE resonance 
was 694.5 ± 1.403 nm, with a mean FWHM of 21.58 ± 1.712 nm.  Variations in 
resonance wavelength within single microscope-slide sized PCs were characterized by 
taking 5 spectral measurements approximately 10 mm apart along the length of the slide.  
The maximum observed standard deviation in resonance wavelength across a PC was σTM 
= 0.2391 nm for the TM resonances and σTE = 0.4318 nm for the TE resonances, making 
both within-device variation and between-device variation significantly smaller than the 
resonance linewidths for both the TM and TE resonances. 
After pairing each PC with a control commercial glass slide and performing the 
one-color DNA microarray protocol on each slide pair, fluorescence data from normal 
incidence scans was analyzed to calculate median spot intensities, median local 
background intensities, and signal-to-noise ratios (SNR) for each spot, where the SNR is 
the local background-subtracted spot intensity divided by the standard deviation of the 
local background pixels.  To estimate the impact that the PCs have on fluorescence 
enhancement of individual spots, fluorescence intensities and SNRs were initially 
compared at identical microarray scan conditions.  Spot intensities were first background-
 88 
corrected using the normal plus exponential convolution model [84], and then within-
slide repeats were averaged to generate an intensity value for each of the 192 sequences 
probed in the experiment.  A ratio of averaged PC intensity to averaged glass intensity 
was generated for each slide pair.  The median spot intensity across all slides was 
enhanced by a factor of 19.1x on the PCs relative to the glass slides.  SNRs were 
similarly averaged across replicates, and ratios were generated for each slide pair.  The 
median SNR enhancement across all slides was 10.6x.  The effect of this SNR 
enhancement on the raw fluorescence data is observed in Figure 5.3, which shows line 
profiles of identical probes for a microarray grid on both a PC and its control.  
Considerable enhancement is observed for spots with low expression (Figure 5.3c) and 
high expression (Figure 5.3d), with low expression genes much easier to discriminate 
from noise on the PC. 
 While the analysis of fluorescence intensities at identical scan conditions provides 
useful information about the magnitude of the enhancement effect, this analysis is not 
necessarily practically relevant because scan conditions are typically adjusted in a 
microarray experiment to utilize the full dynamic range of the detection instrumentation.  
SNR data was thus analyzed after gain adjustment of PCs and glass slides such that none 
of the spot pixels saturated the scanner photomultiplier tube (PMT).  Because the PCs 
provide SNR enhancement, they were scanned at lower PMT gains (gain values of 100 to 
120 on PCs as opposed to 160 on glass slides), resulting in lower noise levels.  The 
median noise level (standard deviation of local background) for all spots across glass 
slides was 22 counts, while the PC median noise level was 12 counts.  A detection 
threshold of SNR = 3 was applied to determine the proportion of spots that could be 
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detected on each slide.  Across all cotyledon samples, 25.0% of spots could be detected 
on the glass slides, while 46.3% of the spots were detected on the PCs.  A more dramatic 
increase in the number of detected spots was observed across all trifoliate samples, with 
14.7% of spots on the glass slides being detected as compared to 49.0% of the spots on 
the PC.  The impact of the PC on gene detection is illustrated in Figure 5.4, as the SNR 
values (averaged across duplicate spots) are graphed for each gene in decreasing 
expression order for a single slide pair hybridized to a cotyledon sample (Figures 5.4a 
and c) and a single slide pair hybridized to a trifoliate sample (Figures 5.4b and d).  As 
expected, negative controls, or spots without DNA probes, on both the PCs and the glass 
slides had SNRs below the detection threshold. 
After background correction, normalization, and calculation of empirical Bayes 
moderated t-statistics to compare trifoliate to cotyledon expression, volcano plots were 
generated to visualize the data.  These plots simultaneously illustrate the fold change and 
the adjusted p-value for each gene across glass slides or PCs and appear in Figure 5.5.  
Figures 5.5a and b plot all 7680 spots without averaging of within-slide repeat spots in 
order to illustrate more clearly the effect of the PC on the experimental data.  Red circles 
denote genes that have an adjusted p-value of less than 0.05 and a greater than 2-fold 
change, and 1431 spots on the PCs fulfill these criteria, compared with 865 spots on the 
glass slides.  The fold change values at all significance levels are more widely distributed 
on the glass slide compared with the PC.   
To improve the reliability of the assay data, within-slide repeats were averaged 
before linear-model fitting and the t-statistic calculation.  The data was thus reduced into 
192 genes, with Figure 5.5c and d illustrating a volcano plot for the averaged data set.  
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On the glass slide, 26 genes fulfilled the criteria of statistical significance at an adjusted 
p-value less than 0.05 and a greater than two-fold change, while on the PC, 66 genes 
fulfilled these criteria.  Importantly, all 26 of the genes fulfilling these criteria on the 
glass slide were also identified as differentially expressed on the PC, and are listed in 
Table 5.1.  The average log-transformed expression level for the 26 genes with a greater 
than two-fold change in expression on the glass slides was 8.41 ± 1.55 (base 2 logarithm 
of counts).  These same genes displayed an average expression value of 8.57 ± 1.70 on 
the PCs.  Genes with a greater than two-fold change as measured on the PCs (p < 0.05) 
but not the glass slides appear in Table 5.2.  The average expression level for these genes 
on the PCs was 6.09 ± 1.34, demonstrating lower expression levels than those genes 
classified as differentially expressed on the glass slides.   
As shown in Table 5.1, a number of the genes found to be over-expressed in the 
seed cotyledons (with negative fold changes) include those that encode well-known 
soybean storage proteins (i.e. glycinin, lectin, Kunitz trypsin inhibitor, and the Bowman-
Birk proteinase inhibitor) whose mRNA transcripts are abundant during seed 
embryogenesis [87].  On the other hand, those genes encoding photosynthetic proteins as 
the Rubisco small chain precursor and chlorophyll a/b binding protein are over-expressed 
in the trifoliate leaves as expected (Table 5.1).  As shown in Table 5.2, the additional 
genes detected as differentially expressed with significant P-values on the PC slides, as 
compared to the glass slides, represent various enzymes and transcription factors, thus 
demonstrating the usefulness of the PC slides to detect transcripts that are generally 
expressed at lower levels. 
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By engineering PC resonances for compatibility with a commercial laser scanner, 
the benefits of enhanced fluorescence can be applied to a standard microarray experiment 
with no changes to the experimental protocol.  While the initial photolithography process 
needed to fabricate the silicon mold of the grating has high costs, a single round of 
photolithography on silicon can be translated into thousands of devices that are fabricated 
uniformly over large areas.  By fabricating the mold on an 8” wafer, there is a large 
degree of flexibility in fitting PCs to preferred labware formats such as microscope slides 
and microtiter plates.  Because PCs were cut to fit standard microscope slides, they could 
be processed with existing protocols and scanned with commercially available 
equipment, allowing for convenient adoption of PC substrates in a standardized 
experiment. 
 Enhanced excitation requires precise overlap between the excitation wavelength 
and a PC resonance [67], making uniformity of the optical characteristics an important 
device property.  This can be achieved easily with broad linewidth resonances, but the 
PC’s enhancement factor is inversely proportional to resonance linewidth.  The PCs used 
for this work have a small TM resonance linewidth of 4.0 nm (relative to surface plasmon 
resonance linewidths of dozens to hundreds of nm), but the variation of the TM 
resonance wavelength across a microscope slide-sized device (σTM = 0.24 nm) is more 
than an order of magnitude smaller than this value.  This ensures the fluorophores are 
excited by similar electric field intensities throughout the entire slide.  While between-
device uniformity is less crucial because fluorescence data is normalized between slides 
during data processing, the variation in resonance wavelength between PCs is 0.69 nm, 
which is also significantly lower than the resonance linewidth.  These uniform optical 
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characteristics make the PC a suitable substrate for large array fluorescence enhancement 
by enhanced excitation. 
 The spectral overlap of fluorophore emission and PC resonances is less crucial for 
enhanced extraction because a large range of emission angles is collected by the high 
numerical aperture scanner lens.  The PC dispersion (Figure 5.2a and b) illustrates that 
resonances from both polarizations overlap the scanner emission filter wavelengths of 
670 to 710 nm.  The TE resonance demonstrates a broad overlap with these wavelengths 
at normal incidence, which is also evident in Figure 5.2c.  Previous work has 
demonstrated that the collection optics strongly influence the enhancement factor from 
extraction effects, and this enhancement is maximized with broad resonances from a one-
dimensional PC for a high numerical aperture collection lens [64].  Even though precise 
alignment of resonances to a single wavelength is not necessary for enhanced extraction, 
the variation observed in the TE resonances is still quite small relative to the resonance 
linewidth. 
 The PC design used in this work was used previously to significantly enhance the 
intensity of spots of a high concentration of Cy5-conjugated streptavidin by a factor of 
60x relative to glass slides [86].  Since a single concentration of dye-conjugated protein 
was used over an entire slide, the enhancement factor was simple to calculate, and a low 
coefficient of variation was obtained, demonstrating good uniformity of enhancement 
across the slide.  The DNA microarray, on the other hand, contains bound molecules 
representing many orders of magnitude of gene expression, with some spots bound to a 
high density of sample and other spots containing no labeled DNA.  Since fluorophores 
are more efficient emitters than substrate materials and are located in areas with the 
 93 
highest electric field intensities, the signal from labeled DNA is enhanced to a greater 
degree than the substrate fluorescence.  This is crucial to the PC providing a net benefit, 
since signal is preferentially enhanced compared to substrate noise.  Having a large 
number of spots with varying amounts of bound DNA complicates the calculation of 
enhancement factor, but the enhancement factor is estimated by calculating a median 
enhancement representing the background adjusted spot intensities on each PC divided 
by spot intensities of its control glass slide (to remove any dye effects from specific 
batches of dye).  The median effect of enhancing excitation and extraction on the PCs 
increases the fluorescent signal from a given spot by 20x.   
While this estimate of signal enhancement provides a useful metric for 
comparison of enhanced fluorescence substrates, SNR enhancement is the more 
important quantity because it determines what proportion of genes can be detected above 
the noise level.  The noise in the DNA microarray experiment arises primarily from three 
sources: sample variation, non-specific binding, and substrate fluorescence.  Variation in 
the amount of nucleic acid sample captured is accounted for by hybridizing multiple 
arrays and figures prominently into tests of significance for differential expression 
experiments.  Non-specific binding is controlled largely by blocking and hybridization 
conditions and is assessed by evaluating negative control spots.  Substrate fluorescence, 
however, is typically not manipulated because most microarray protocols have been 
optimized for a few common substrates.  Utilizing the PC as a substrate amplifies the 
fluorophore intensity relative to the substrate fluorescence intensity and decreases the 
impact of substrate fluorescence on the measurements.  Smaller photomultiplier gain 
values were necessary for the spots on the PCs to occupy the full dynamic range of the 
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detector than were required on glass slides, so using the PC reduced the median noise 
level by a factor of 2 despite having higher substrate fluorescence at identical gain 
conditions.  As a result of increased signal and lower noise, the SNR for spots on the PCs 
was increased by more than one order of magnitude.  The number of genes that could be 
detected above noise thus almost doubled for the cotyledon sample and more than tripled 
for the trifoliate sample, as illustrated in plots of SNR for each gene for representative 
slides in Figure 5.4.  Importantly, negative control spots were under the SNR threshold 
for detection in all samples. 
 The reduction of experimental variation by enhanced fluorescence can be 
observed in Figure 5.5.  Figures 5.5c and d illustrate the p-values for individual genes 
after averaging within-slide repeats as a function of fold-change.  Ideally, the plot should 
be a v-shape, since the p-value should decrease as the fold-change increases.  This 
relationship, however, is distorted by variation, since variation in fold-change 
measurements smears the curve horizontally and variation between samples leads to 
lower p-values (smearing the curve vertically).  Because the averaged data represents 
only 192 genes, it is difficult to visualize the relationship between fold-change and p-
value.  Figure 5.5a and b, however, include the non-averaged data to more clearly 
visualize the effect of the PC on the volcano plot.  The PC data more tightly conforms to 
the expected v-shape, suggesting there is less variation between within-slide repeats in 
fold-change values and p-values, particularly for spots with low p-value, compared to the 
glass slide. 
For genes with low expression levels, substrate fluorescence is a significant 
contributor to noise, and changes in expression may not be large enough to overcome the 
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noise.  These genes may be just as important as high expression genes for cellular 
function, but will not appear as differentially expressed.  Decreasing the impact of 
substrate noise on the microarray measurements is particularly helpful for quantifying 
these low expression genes and opens up more genes to evaluation of differential 
expression.  Evaluating the expression levels of genes classified as differentially 
expressed on the glass slide (all of which were detected on the PC, Table 5.1) and on only 
the PC (Table 5.2) clearly illustrates this point.  The average log-adjusted expression 
level for genes classified as differentially expressed by both the glass slide and the PC 
was approximately 8.5, or approximately 360 counts of fluorescence intensity, while 
those meeting this classification only on the PC was 6.0, or 64 counts.  The PCs were 
therefore able to detect differential expression in genes at expression levels that, on 
average, were more than 5 times lower than the mean expression level on the glass slides.  
This resulted in more than twice as many genes fulfilling our criteria for significant up-
regulation and down-regulation, from 26 genes on the glass slide to 66 genes on the PC.  
While the glass microarrays primarily identified genes expected to have high expression 
levels (such as storage proteins and photosynthetic proteins) as differentially expressed, 
the PC microarrays identified these genes and also expanded the list to include enzymes 
and transcription factors, which are expected to have lower expression levels and were 
not discovered on the glass slides. 
The increased SNRs provided by the PC may allow researchers to perform 
experiments that are currently problematic on glass slides.  Because lower amounts of 
bound sample can be detected with the PC, sample sizes may be reduced to volumes that 
would be difficult to probe using normal glass substrates.  This may be particularly 
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helpful for profiling gene expression in smaller tissue samples or small populations of 
rare cells such as stem cells.  Alternately, the reduction in experimental variation afforded 
by this substrate may allow researchers to confidently identify differentially expressed 
genes with fewer replicates, which may also prove useful with small sample sizes or rare 
cells.  This approach is not limited to conventional DNA microarray experiments.  Any 
surface-bound biomolecular assay can be performed on these PCs for improved 
performance, as is illustrated with immunoassays in previous work [88].  This substrate 
can also potentially be adapted to improve reliability of novel technologies such as next-
generation genomic sequencing platforms, since these instruments make extensive use of 
fluorescent molecules. 
 In conclusion, these experiments have demonstrated that enhanced fluorescence is 
capable of significantly improving a differential expression experiment on DNA 
microarrays.  Using a PC substrate with uniform optical characteristics over microscope 
slide-sized areas, the SNR from microarray spots was increased by an order of 
magnitude.  This SNR enhancement translates into a greater number of genes detected 
above the noise level, and improves the likelihood that differential expression in low 
expression genes will be considered statistically significant.  After evaluating differential 
expression in soybean trifoliate tissue vs. cotyledon tissue, more than twice as many 
genes were found to be differentially expressed on the PCs compared to the glass slides.  
Using a PC substrate for microarray experiments thus opens the possibility to interrogate 
the roles of genes that previously could not be reliably quantified in a high-throughput 
fashion. 
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5.2 Tables 
Table 5.1 List of 26 genes on PC and glass with greater than two-fold up- or down-
regulation between trifoliate and cotyledon samples with an adjusted p-value of less than 
0.05, ordered by ascending fold change as observed on the PC.  All genes found to be 
differentially expressed on glass substrates were also identified as differentially expressed 
on the PC substrates.  Log-adjusted expression levels, log-adjusted fold changes, and 
adjusted p-values are listed for each gene, with data from PCs appearing on the left and 
data from glass slides on the right. Positive fold change values represent higher 
expression in trifoliate samples than in cotyledon samples. 
  
 
    PC     Glass   
Hit Description Name 
Expression 
Level 
Fold 
Change 
Adjusted 
p-value 
Expression 
Level 
Fold 
Change 
Adjusted 
p-value 
Glycinin A2B1a subunit CHP023 8.42 -9.96 1.21E-07 8.99 -8.32 1.62E-05 
Kunitz trypsin inhibitor KTi1 CHP022 8.13 -9.24 1.21E-07 8.75 -7.71 5.04E-07 
Conglycinin alpha prime subunit CHP011 8.85 -9.17 2.38E-06 9.26 -8.77 5.04E-07 
Lectin, soybean seed lectin Le1 gene 3' 
region CHP021 7.82 -8.76 1.21E-07 8.24 -6.73 8.91E-05 
Beta-conglycinin alpha-subunit SB0075 9.29 -8.74 1.21E-07 9.49 -8.23 7.89E-06 
Lectin, soybean seed lectin Le1 gene far 5' 
region CHP020 7.28 -8.14 3.20E-07 7.87 -6.87 2.10E-04 
Bowman Birk proteinase inhibitor CHP010 9.09 -7.42 1.41E-05 9.26 -6.12 2.55E-04 
Lectin, soybean seed lectin Le1 5'  CHP009 8.04 -6.29 2.38E-06 7.82 -5.48 2.67E-04 
Formate dehydrogenase, mitochondrial 
precursor SB0016 8.08 -4.59 6.05E-05 7.41 -4.46 5.00E-04 
Unknown SB0004 6.06 -1.43 3.03E-03 5.77 -1.54 4.80E-02 
ADR6 SB0073 9.74 -1.39 3.23E-03 8.94 -1.57 2.44E-02 
Anthocyanin 3' glucosyltransferase CHP071 5.82 1.23 2.01E-02 5.61 1.07 3.83E-02 
ATP citrate lyase b-subunit SB0035 6.37 1.38 3.35E-04 5.92 1.60 2.74E-02 
Glycolate oxidase SB0010 7.61 1.48 6.00E-03 7.47 1.89 4.24E-02 
Auxin down regulated ADS11-2 SB0079 8.97 1.59 4.05E-04 8.23 2.25 3.53E-03 
Unknown SB0003 4.62 1.87 1.12E-02 5.01 1.02 4.74E-02 
Putative phosphoglycerate kinase SB0045 8.78 2.08 1.83E-04 7.85 1.83 1.50E-03 
Proline rich protein CHP048 7.76 2.09 2.60E-02 8.31 4.24 1.62E-05 
Elongation factor 1A SMV resistance-
related protein SB0029 11.45 2.15 3.35E-04 10.44 2.09 2.66E-02 
Peroxiredoxin SB0011 8.83 2.84 1.19E-04 8.16 3.57 5.28E-04 
Elongation factor 1-alpha (EF-1-alpha)  CHP024 11.11 2.85 3.42E-03 10.70 3.38 8.12E-03 
Plastocyanin precursor CHP002 8.83 3.58 3.72E-04 8.44 4.37 4.33E-04 
Ubiquitin CHP075 11.06 3.73 3.35E-04 10.60 3.90 6.51E-05 
Chlorophyll a/b binding protein CHP014 10.83 4.00 2.49E-04 10.55 6.02 6.51E-05 
Rubisco small chain precursor CHP013 11.10 6.27 4.97E-06 10.49 6.88 5.04E-07 
Auxin-binding protein ABP19 SB0043 7.96 7.17 1.40E-07 8.38 6.86 8.00E-05 
Lipoxygenase L-5 SB0040 9.42 7.17 2.90E-04 8.96 5.15 2.00E-02 
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Table 5.2 List of 40 genes described as differentially expressed (greater than two-fold 
up- or down-regulation between trifoliate and cotyledon samples with an adjusted p-value 
of less than 0.05) on the PCs but not the glass slides, ordered by ascending fold change as 
observed on the PC. Log-adjusted expression levels, log-adjusted fold changes, and 
adjusted p-values are listed for each gene, with data from PCs appearing on the left and 
data from glass slides on the right. Positive fold change values represent higher 
expression in trifoliate samples than in cotyledon samples.  
    PC     Glass   
Hit Description Name 
Expression 
Level 
Fold 
Change 
Adjusted 
p-value 
Expression 
Level 
Fold 
Change 
Adjusted 
p-value 
Lectin vegetative,  Le4 gene CHP018 7.28 -3.45 4.26E-02 7.23 -3.75 1.54E-01 
Isoflavone synthase 2 CHP041 4.80 -2.42 2.98E-05 5.20 -0.55 2.78E-01 
Auxin down regulated ADR12-2 CHP016 7.52 -2.00 7.19E-03 6.20 -0.92 4.73E-01 
Cytochrome P450 H2O2-dependent urate-
degrading peroxidase, some sequence 
similarity to isoflavone synthase CHP043 5.22 -1.97 3.35E-04 5.19 -0.52 2.66E-02 
Auxin down regulated ADR12-2 CHP004 7.28 -1.92 8.53E-03 7.27 -0.08 9.37E-01 
Isoflavone reductase 2 CHP042 5.63 -1.90 4.13E-04 5.49 -0.72 2.28E-01 
Putative ethylene responsive element 
binding protein 2 SB0018 5.82 -1.78 1.48E-02 6.02 -1.81 8.01E-02 
Phosphoenolpyruvate carboxylase, 
gmpepc15 CHP078 4.92 -1.48 1.49E-02 5.11 -0.39 1.01E-01 
Unknown SB0052 6.45 -1.41 9.43E-04 5.53 -1.16 7.12E-02 
AP2/EREBP transcription factor SB0024 4.47 -1.27 1.21E-03 4.97 -0.32 1.36E-01 
Auxin down regulated ADR12-2 SB0078 8.50 -1.23 1.81E-02 8.08 -0.50 4.46E-01 
Isoflavone synthase 1 CHP029 5.34 -1.16 1.46E-03 5.17 -0.23 5.46E-01 
Cationic peroxidase 2 SB0008 9.54 -1.12 1.72E-02 8.34 -0.90 3.53E-01 
Putative transcription factor SB0007 5.07 -1.08 3.75E-03 4.88 -0.63 6.80E-02 
Oxalyl-CoA decarboxylase SB0071 7.35 1.05 4.16E-02 7.16 1.78 1.04E-01 
Phenylalanine ammonia-lyase CHP054 5.91 1.09 4.13E-02 5.76 1.26 1.46E-01 
MYB1 [Dendrobium sp. XMW-2002-1] SB0088 4.79 1.11 5.15E-03 5.02 0.27 1.32E-01 
YABBY like transcription factor CHP083 5.62 1.26 4.60E-04 5.12 0.25 2.05E-01 
YABBY transcription factor CDM51 CHP096 5.24 1.34 3.03E-03 5.23 0.44 1.80E-01 
Ferulic acid 5-hydroxylase CHP032 7.56 1.37 4.16E-02 6.80 1.38 1.01E-01 
Plasma membrane-Type Calcium ATPase CHP076 4.86 1.38 1.73E-03 5.01 0.12 5.13E-01 
Hygromicin B phosphotransferase CHP007 4.58 1.45 4.16E-02 4.52 -0.66 8.12E-03 
Glutamate 1-semialdehyde 
aminotransferase SB0027 6.93 1.46 1.16E-03 5.97 1.38 9.57E-02 
Elicitor inducible beta-1,3-glucanase 
NtEIG-E76 SB0067 4.40 1.46 3.35E-04 4.93 0.15 3.81E-01 
Putative bHLH transcription factor SB0065 6.21 1.46 1.73E-03 5.40 0.55 5.09E-02 
DNA binding / transcription factor SB0083 4.91 1.50 3.03E-03 5.17 0.78 2.46E-02 
Chalcone reductase CHP058 5.72 1.51 1.52E-02 5.62 1.16 5.99E-02 
4-Coumarate: Co-A Ligase, Isozy 2 CHP067 4.68 1.52 3.03E-03 5.06 0.32 1.01E-01 
Oxoglutarate malate translocator SB0026 6.96 1.56 3.35E-04 5.97 1.53 7.92E-02 
Tubulin b-chain CHP086 6.84 1.57 2.45E-03 6.34 1.30 2.04E-01 
Catalase SB0021 6.23 1.78 2.11E-04 5.87 0.95 2.04E-01 
Flavonone 3-hydroxylase CHP037 4.61 1.81 4.05E-04 5.09 0.47 4.74E-02 
Transcription factor RAU1 SB0057 5.22 1.89 4.60E-03 5.56 0.81 5.99E-02 
Cinnamate 4 hydroxylase (trans-cinnamate 
4-monooxygenase) CHP066 5.10 1.90 2.11E-04 5.36 1.00 4.39E-02 
Histone H3.2  CHP085 7.57 2.02 5.45E-03 6.30 1.27 2.94E-01 
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Table 5.2 (cont.) 
    PC     Glass   
Hit Description Name 
Expression 
Level 
Fold 
Change 
Adjusted 
p-value 
Expression 
Level 
Fold 
Change 
Adjusted 
p-value 
ADR11 SB0013 9.36 2.16 8.02E-04 7.86 0.93 5.06E-01 
Phosphoenolpyruvate carboxylase, 
gmpepc16 CHP089 5.48 2.29 2.91E-04 5.08 0.26 2.33E-01 
Catalase 4 SB0061 6.92 2.40 9.87E-04 5.94 1.40 1.01E-01 
Tubulin a-1 chain CHP074 7.94 2.48 1.19E-04 7.17 1.60 1.81E-01 
AG-motif binding protein-4 SB0047 5.73 2.82 2.08E-04 5.40 0.92 4.74E-02 
Major latex protein homolog CHP088 5.19 2.99 2.11E-04 5.13 0.56 1.02E-01 
 
5.3 Figures 
 
Figure 5.1 (a) Schematic of PC design dimensions. (b) Atomic force micrograph of 
replicated PC structure, with a measured period of 366 nm and height of 50 nm. 
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Figure 5.2 Measured optical characteristics of PC. (a) Transmission of broadband light 
through PC as a function of incidence angle for TM-polarized illumination.  The 
excitation wavelength is denoted by a solid black line at 632.8 nm, and the wavelength 
range of the emission filter is illustrated by a solid black box between 670 and 710 nm. 
(b) Same as (a), but for TE-polarized illumination.  Only the emission filter wavelengths 
are denoted because the excitation laser is TM-polarized. (c) Transmission of broadband 
light for both illumination polarizations at an incidence angle of 0°. 
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Figure 5.3 Fluorescence images at identical gains of a single identical microarray grid on 
glass (a) and PC (b), with brightness and contrast adjustment to make the maximum 
number of spots visible on both images. For comparison of spot intensities, line profiles 
of identical locations on the grid for glass and PC are illustrated on the same plots.  
Lower expression genes appear in (c) and higher expression genes appear in (d). 
 
 
Figure 5.4 Logarithmic plots of duplicate-averaged SNR values for the 192 probed genes 
on selected glass-PC slide pairs for each tissue. Genes are organized in decreasing 
expression order for each chip, and an SNR detection threshold of 3 appears as the cutoff 
line in each graph.  SNR expression profiles for cotyledon RNA appear in (a) and (c) for 
a glass slide and its paired PC, respectively.  Trifoliate RNA expression profiles are 
plotted in (b) and (d) for a glass slide and its paired PC, respectively.  Negative control 
spots on all slides appeared below the detection threshold. 
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Figure 5.5 Volcano plots detailing the relationship between fold-change and inverse p-
value to assess differential expression between the trifoliate and cotyledon samples, with 
positive fold changes indicating increased trifoliate expression and negative fold changes 
indicating increased cotyledon expression.  Green vertical lines represent the two-fold 
change cutoff and the yellow horizontal line denotes a p-value cutoff of 0.05. Genes 
meeting both thresholds are indicated by red spots. Unaveraged data representing all 
7680 spots across all experimental slides (3 replicates per tissue) appear in (a) for the 
glass slides and (b) for the PCs, with 865 spots differentially expressed on glass slides 
and 1431 spots on the PCs.  Averaging within-slide repeats condensed the data to 192 
distinct genes and controls, which appear in (c) for the glass slides and (d) for the PCs. Of 
the 192 genes probed, 26 were classified as differentially expressed on the glass slides, 
while 66 met this classification on the PCs. 
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